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news and views 


ADMINISTRATIVE COMMITTEE CHANGES 


HE administrative committee of the PGAP met in 

Washington at the time of the May URSI meeting 

and unanimously elected Delmer C. Ports as 
Chairman of the Committee for the coming year. In ad- 
dition, Dr. H. G. Booker was elected Vice Chairman and 
Dr. George Sinclair accepted the post of Papers Review 
Chairman. 

The committee passed unanimously a resolution to 
amend the PGAP constitution and bylaws to provide 
for the election of the Administrative Committee by all 
members of PGAP. This is to be accomplished by mail- 
ing a ballot to each PGAP member with a list of the four 
choices of the nominating committee with blank spaces 
opposite each name to allow for comment. Dr. George 
Sinclair, Chairman of the Nominating Committee, has 
submitted the following names: 


R. A. Halliwell 
V. H. Roman 


R. C. Spencer 
A. W. Straiton 


The above proposed members of the Administrative 
Committee are being submitted to the membership for 
election for terms expiring May 31, 1957. 

For the information of our membership, the present 
Administrative Committee is as follows: 


Term Expires May 31, 1954 


P. S. Carter, Chairman 

L. J. Chu, Papers Procurement 

R. B. Jacques, Advertising 

A. H. Waynick, Junior Past Chairman 


Term Expires May 31, 1955 


-H. G. Booker, Papers Review 
J. S. Brown, Chapters 

D. C. Ports, Vice-Chairman 
J. B. Smythe, Editor 


Term Expires May 31, 1956 


J. T. Bolljahn—Meetings 

H. A. Finke, News & Views 

George Sinclair, Senior Past Chairman 
H. W. Wells, Past Editor 

Ln@HWan ‘Atta 


With great reluctance, P. H. Smith has resigned as 
Group Secretary-Treasurer because of the pressure of 
_ other ie ee P. S. Carter has ruled that the 


post will remain open for the present until filled by an 
appointment by the incoming chairman. 

The next meeting of PGAP Committee is scheduled 
tentatively for the Hague, Netherlands, August 23, 1954. 


NEWS AND VIEWS COMMITTEE 


In an effort to broaden the coverage of the News and 
Views section of the PGAP, we have written to a num- 
ber of people in different geographical areas requesting 
specific assistance in obtaining material. 

Allen Ellis of Stamford Research Institute will pro- 
vide News and Views coverage for this area. Bob Mat- 
tingly at the Whippany Laboratories will serve as local 
news representative for the area. Mr. Clarence Stewart 
will serve as the local representative for the Washington 
area. George Sinclair will provide coverage for Canada. 
Dr. Van Atta is attempting to designate someone for the 
Los Angeles area. 

There is no doubt that a good news section will serve 
to bring cohesiveness to our group and it will be appre- 
ciated if all members co-operate as much as possible with 
local representatives. 


BROWDER J. THOMPSON MEMORIAL PRIZE AWARD 


Because papers appearing in the PGAP TRANSAC- 
TIONS are eligible for the Browder J. Thompson Memo- 
rial Prize Award, we are reprinting the specifications to 
encourage PGAP members to contribute articles: 


This award was established by friends of the late 
Browder J. Thompson, who gave his life in service to 
his country while prosecuting technical work with the 
United States Armed Forces in Italy in 1944. The 
award is to commemorate his interests in science and 
his many contributions in the field of radio and elec- 
tronics. A fund of $4,000, established by his friends, 
is administered by the IRE. The income from this 
fund provides the annual award. The purpose of the 
award and the basis upon which its recipient is chosen 
are as follows: 

Its purpose shall be to stimulate research in the field 
of radio and electronics and to provide incentive for 
the careful preparation of papers describing such re- 
search. The award shall be made annually by the 
Board of Directors to the author or joint authors un- 
der thirty years of age at date of submission of original 
manuscript (in case of joint authorship, all authors 
shall be under thirty years of age at date of submis- 
sion of original manuscript) for that paper of sound 
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merit recently published in the Technical Publica- 
tions of the Institute of Radio Engineers which, in the 
opinion of the Award Committee of the Institute, 
constitutes the best combination of technical contri- 
bution to the field of radio and electronics and pres- 
entation of the subject. 


GROUP CHAPTERS AND CHAPTER NEWS 


Los Angeles Chapter. The last meeting of the Group 
was held on April 13. This meeting was a joint meeting 
of the PGAP and the Professional Group on Aeronauti- 
cal and Navigational Electronics. The technical pro- 
gram presented two papers, “Effects of Helicopter Ro- 
tor Modulation on VOR Receiver,” by Henry Blanch- 
ard, Stanford Research Institute, Palo Alto, Calif. and 
“Drag and Weight Considerations in Airborne Antenna 
Design,” by Robert Twomey, Douglas Aircraft Co., 
Inc., Santa.Monica, Calif. 

The next meeting of the Los Angeles Chapter will be 
held on June 2, 1954, at the Institute of Aeronautical 
Sciences Building. The election of Officers for the Pro- 
fessional Group Chapter will be held at that meeting. 
The candidates selected by the Nominating Committee 
are: Chairmen: S. M. Kerber and W. R. Martin; Vice 
Chairmen: R. Krausz and R. F. Reese; Secretary: E. 
Lovick, Jr. and D. L. Margerum. Dr. Jesse Greenstein 
of the Mount Wilson and Palomer Observatories will 
present a paper on “Radio Astronomy” at this meeting. 
This topic should be of interest to the Group since some 
very interesting antenna problems are connected with 
radio astronomy work. 

A questionnaire was mailed to almost 150 members of 
the Professional Group in the Los Angeles area and oth- 
ers who had attended previous meetings. Seventy re- 
plies were received to date. About 35 people indicated 
that they would be interested in taking an active part in 
Professional: Group activities. Sixty-five wish to be con- 
tinued on our mailing list. Fifty-four of those replying 
indicated that they were members of the Professional 
Group on Antennas and Propagation. An effort will be 
made to recruit those interested parties who have not as 
yet become members of the PGAP, but who are inter- 
ested in local chapter activities. 

Technical papers submitted for presentation at the 
West Coast Electronics Convention August 25 through 
27, 1954, in Los Angeles, are now being reviewed by a 
committee headed by Dr. M. J. Ehrlich. 

J. S. Brown, Chairman of the Chapters Committee, 
reports that a fourth local chapter is in the process of 
forming. PGAP needs, however, more local activity and 
more active people in the sections to carry the responsi- 
bilities. His observation is that once a chapter is started 
it goes along on its own momentum. The Chicago Chap- 
ter is a good example. 

R. B. Jacques, Advertising Manager of the TRANs- 
ACTIONS and organizer of the recently formed Albuquer- 
que-Los Alamos Chapter at Sandia, reports an average 
attendance of 12 to 15 at meetings. This group some- 
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times combines its meetings with a Microwave Theory 
group. Notices are posted in the company house organ 
and “Fireside Chats” are organized in private homes. 

Mr. Clarence Stewart of Jansky & Bailey, Washing- 
ton, D. C., is laying the groundwork for a PGAP local 
in the Washington area. Members are urged to get in 
touch with him to get the group started. 


TRANSACTIONS 


An annual subscription rate is being worked out for 
the TRANSACTIONS to permit technical libraries and oth- 
ers interested to subscribe. D. C. Ports is Chairman of a 
Committee studying this problem. Seven hundred com- 
plimentary copies of the January 1954 issue have been 
sent out to Technical Libraries to encourage subscrip- 
tion enquiries. 


IRE ANTENNAS AND WAVEGUIDES COMMITTEE 


Phil Smith became Chairman on May 1 of the IRE 
Antennas and Waveguides Committee for the next two- 
year term, succeeding Delmer Ports. The past two-year 
period has been an active and gratifying one for the 
Committee. During this time, the basic Definitions on 
Waveguide Terms were adopted by the Standards 
Committee and the Executive Committee, and were 
published at the end of last year. The Definitions on 
Waveguide Components have been completed and are 
now ready for consideration by the Standards Commit- 
tee. A good start has been made on methods of. measure- 
ment of waveguide and waveguide components. 


CORRESPONDENCE 


We have received an interesting communication from 
W. Sichak of the Federal Telécommunication Labora- 
tories at Nutley. His letter follows: 

“For some reason or other I missed the first request 
to comment on Wheeler’s proposal to split the PGAP 
into PGA and PGP. 

“A specialist naturally prefers activities restricted to 
his own field. The basic questions are whether there is 
enough activity in any one field to justify its separation 
from a larger group and what it costs (in money, pres- 
tige, and effort) to maintain a separate group. Since 
there is no method of measuring “enough activity,” a 
decision can be based only on opinions and personal 
judgments. A relative measure, however, can be ob- 
tained by comparing the proposed new group’s probable 
activities with the activities of existing groups. If, for 
example, the split results in one group holding one meet- 
ing and publishing 50 pages annually while the average 
for all groups is 4 meetings and ‘250 pages, formation of 
a new group is probably not justified. At the moment 
the PGAP is seventh (in population) out of 21 groups. 
A split into two groups would reduce the groups to 15th 
and 16th (600 each), assuming equal numbers of anten- 
na and propagation people. I don’t know what would 
happen to the number of meetings and pages published 
annually, but a member of the administrative commit- 
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tee should be able to extrapolate these activities and de- 
termine the relative standing based on the past history 
of the groups. The cost (in money, but probably not in 
prestige or effort) can also be estimated in the same way. 
Such a study is worth presenting in the “news and 
views” section of the TRANSACTIONS if it is not too much 
work. After such a study is presented it may be worth- 
while to poll the membership on forming two groups, 
keeping one group, or even joining with another group 
(such as the Microwave Theory and Techniques). Unin- 
formed voting may lead to undesired results. 

“The question raised by the IRE Committee on An- 
tenna and Waveguide Definitions is a good one. IRE 
Standards are probably not used so much as they should 
be. One possible way to broaden their use is to have all 
published papers use the correct terms (whenever pos- 
sible) as defined by the IRE Standards. This could be 
done by adding such a statement to the “Notice to 
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Authors” section of each publication and by asking the 
reviewers to pay some attention to the use of standard 
terms. Enforcing this rule would be difficult for some 
broad papers, but should be relatively easy for such a 
specialized field as antennas.” 


PERSONAL 


Dr. E. C. Jordan of the University of Illinois, who is 
well known for his work in the Antenna Field, has just 
been made Head of the Department of Electrical Engi- 
neering at the University of Illinois. 

Professor V. H. Rumsey, who has been in charge of 
the Antenna Laboratory of the Ohio State University of 
Columbus, Ohio, has resigned and is joining the staff of 
the University of Illinois, taking charge of the research 
program which was supervised by Dr. Jordan. Professor 
Rumsey has been nominated as a member of the Ad- 
ministrative Committee of PGAP. 


CROLAD 
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contributions 


Virtual Source Luneterg Lenses” 


G. D. M. PEELER}, memper, 1rRE, K. S. KELLEHER{, SENIOR MEMBER, IRE, 
AND H. P. COLEMAN{ 


Summary—The portion of a spherical Luneberg lens contained 
between two plane reflectors has been investigated as a lens of 
reduced size and weight. If the reflectors pass through the center 
of the sphere, the resulting system produces several perfectly fo- 
cused radiation beams, each appearing to originate from a virtual 
source on the surface of the full sphere. The virtual source posi- 
tions and the position, beamwidth, and gain of the beams are ac- 
curately predicted from the spherical wedge angle and the source 
position. When the wedge angle is 7/p, where p is an integer, rays 
with p reflections form the beam having the greatest gain at a dis- 
placement from the wedge bisector equal to the source displacement. 
For applications in which only this principal beam is desired, the gain 
of the unwanted beams can be reduced by absorption, reflection, or 
illumination taper. 

Scanning is achieved by moving the feed along the surface of 
the spherical wedge; if p is an odd integer, scanning can be ob- 
tained by moving the wedge past a fixed feed. 

Experimental data were taken on a two-dimensional X-band 
model having a value of p=1. Good agreement was found with the 
predicted performance regarding beam position, beamwidth, and 
gain. The single, undesired beam was minimized by the use of 
absorbing material. 


INTRODUCTION 
VRS RECENT YEARS workers in micro- 


wave optics have given the Luneberg lens! much 

attention as a wide-angle scanning antenna be- 
cause of its complete symmetry. No consideration, how- 
ever, has been given to the utilization of only a por- 
tion of this lens, together with proper reflecting sur- 
faces, as a means of reducing its size and weight. This 
combination of the lens section and the reflectors will be 


* Original manuscript received by PGAP, November 2, 1953. 
+ Naval Research Laboratory, Washington, DIG 
t Malpar, Inc., Alexandria, Va., formerly with the Naval Re- 
search Laboratory, Washington, DY, a 
K. Luneberg, “Mathematical Theory of oe ” Brown 
Unie Graduate School, Providence, R. I., 194 


called a virtual source Luneberg lens. In this paper, some 
of the general properties of these Luneberg lenses are 
considered, and experimental data are presented for a 
lens of this type. 


Fig. 1—Rays in a Luneberg lens. 


The Luneberg lens is a spherical, variable-index-of- 
refraction system in which, for a unit-radius lens, the 
index of refraction varies with the distance from the 
center r as n=1/2—?*. In this discussion, it is both 
convenient and sufficient to consider rays in a plane 
through the source and the lens center and if necessary, 
to extend these considerations to the full lens. As shown 
in Fig. 1, rays which leave the source S on the surface 
of the lens are focused into parallel rays. A ray leaving 
the source at an angle wy from the diameter ST is radi- 
ated from the lens at the point P so that the radius OP 
forms an angle y with ST. The ray which leaves the 
source at Y=0 propagates in a straight line through the 
center, while a ray leaving at ~=+7/2 propagates 
along one fourth of the lens circumference before being 
radiated. 
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VIRTUAL SOURCE LENSES 


Because of the symmetry in the Luneberg lens, plane 
reflecting surfaces may be placed through its center and 
the ray paths may be traced by the use of images. Con- 
sider a source at S (Fig. 2) displaced from the reference 
axis RO by an angle 8 (positive angles are measured 
counterclockwise). The addition of a single reflector 
perpendicular to RO will produce a virtual source. A 
typical ray, leaving S at an angle y, propagates through 
the lens and is reflected at this surface so that the angle 
of reflection equals the angle of incidence. This ray con- 
tinues to propagate as if it originated at the virtual 
source S;, which is the mirror image of S in the reflector 
(S; is displaced from RO through an angle r—8). 


Fig. 2—Rays in a one-reflector virtual source Luneberg lens. 


Therefore, all reflected rays are focused into a beam of 
parallel rays which is displaced at an angle —f from 
RO as if the real source, in a full lens, were at Sy. If 
B0, some of the rays will be radiated without reaching 
the reflector and a focused beam of these “direct” rays 
is formed in the direction of SO. 


: Virtual Source Luneberg Lenses 95 


This example is a special case of a spherical wedge in 
which the wedge angle is 7. A general spherical wedge of 
angle a (Fig. 3) can also be examined by employing 
virtual sources. In this figure, the reference axis RO 
bisects the wedge angle and the source S is displaced 
from RO by an angle B. If a>a/2 and | | +a/2>7/2, 
a direct beam is formed; if a<7/2, all rays are reflected 
and there is no direct beam. Figs. 3a and 3b show an 
arrangement with a>7/2 and | B| t+a/2<7/2. Let y1 
be a boundary angle between two groups of rays leaving 
the source. In Fig. 3a, rays at angles y from SO, such 
that —7/2SW<wy, are reflected from the lower re- 
flector and are radiated from the lens as if they origi- 
nated at the virtual source S;. As shown in Fig. 3b, rays 
leaving S at angles wy, such that y:1<y<0O also reflect 
from the lower reflector, propagate as if they originated 
at the virtual source 5S, reflect from the upper reflector, 
and are radiated from the lens at an angle 7 —(2a—§). 
Apparently, the radiated beam has been produced by 
the virtual source S, at an angle —(2a—8). By similar 
reasoning it can be shown that rays leaving S for posi- 
tive values of Y produce a virtual source S2 at an angle 
—(a+f) and the corresponding radiation beam at an 
angle m—(a+ 8). 

For any wedge angle a, similar techniques may be 
used to show that all the rays are radiated into per- 
fectly focused beams as if they originated from their 
respective virtual sources. Table I, page 96, contains 
summary of virtual source and beam positions in terms 
of a and 8. Notation for the virtual sources is given so 
that the order of their positions from S on a circumfer- 
ence of the full sphere is $1, S3, Ss, - - - , in the positive 
direction and S», Su, Ss, - +», in the negative direction. 


If a is small, the beams that might be formed by rays 
with few reflections are not radiated; the corresponding 
virtual source positions, however, are useful in deter- 
mining the ray paths. For a given a, there is a maximum 
number of reflections so that a finite number of radi- 
ated beams exists. 


=(2%-A) 


meee (b) 


Fig. 3—Rays in a two-reflector virtual source Luneberg lens. 
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An idea of the relative gains of these beams may be 
obtained by noting that the beams formed from rays 
leaving the feed at large angles from the central ray are 
radiated from relatively small apertures and produce 
relatively large beamwidths. Also, owing to the illumi- 
nation taper of a normal feed, these beams contain rela- 
tively little energy. The combination of these effects 
considerably reduces the gain of such beams, and as a 
result, the beams formed from rays leaving the feed at 
small angles from the central ray are the most impor- 
tant ones. Henceforth, the beam with the greatest gain 
will be referred to as the principal beam. 

The most useful and interesting of these lenses are 
those which produce the principal beam at either. +6 
i.e., with the principal beam displacement from RO 
equal to the source displacement. This condition is 
achieved if a=7/p, where p is an integer equal to the 
maximum number of reflections for any ray. Proof of 
this statement may be seen by examining the position 
of the beams formed from rays with # reflections. When 
a=/p, the virtual sources Sop; and Sp coincide at 
the position ++(—1)?8 to yield the principal beam at 
—6 for p odd and + for p even, so that there are 
2p—1 virtual sources. In order to calculate the mini- 
mum number of reflections for any ray, one notes that 
the circumferential ray must traverse a 90-degree arc 
before being radiated; this number is p/2 for p even and 
(p—1)/2 for p odd (except for (p+1)/2 when B=0). 
There are +1 radiation beams, except when p is odd 
and 8=0; in this event, there are p beams. 


TABLE I 
VIRTUAL SOURCE AND BEAM POSITIONS 
Beam a Virtual Source Radiated-Beam 
Formation Saince Position Position 
Direct Se B +B 
Rays with one Sy a—p tta—B 
reflection Se —(a+s) x —(a+B) 
Rays with two S3 2a+ 8) m+2a+pB 
reflections S4 —(2a—£) a —(2a—£) 
Rays with three S5 3a—p a+3a—B 
reflections Se —(3a+ 8) a —(3a+8) 
Rays with m Somes ma+(—1)"B a+ma+(—1)"B 
reflections Som | — {ma+(—1)" 8} |r— {ma+(—1)™18} 


* Real source. 


Some physical insight into the behavior of these lenses 
can be obtained by examining the positions of the vir- 
tual sources. For a=7/p and B=0, it is easily seen in 
Table I that the source and the 2/—1 virtual sources 
are equally spaced (and separated by an angle a) 
around the circumference of the full sphere, as il- 
lustrated in Fig. 4. If the source is moved through an 
angle 8, each of the virtual sources also moves through 
an angle 6 and the direction of their movement can be 
quickly determined by following the circumference and 
assigning alternate directions to successive virtual 
sources (as indicated by the arrows in Fig. 4). Since the 
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virtual sources and the beams move through an angle 
equal to the source movement, the beam-factor for all 
beams is unity. For the case of p odd (=3), the source 
and the principal virtual source Ss,. move in opposite di- 
rections so that the principal beam position is —8. For 
a case of p even, say p =4, two virtual sources are added, 
one to each side of the full sphere, so that the source 
and the principal virtual source S7,3; move in the same 
direction and the principal beam position is +. It can 
be seen that the virtual sources and their beams move 
toward each other in pairs, and when B=a/2, each of 
the pairs is combined into one virtual source. For these 
spherical wedge-shaped lenses, it can also be seen that if 
the source is moved toward one of the poles of the 
sphere (i.e., moved in a plane perpendicular to the 
plane in Fig. 4) through an angle ¢ the virtual sources 
also move toward the same pole through an angle ¢. 


mh ‘cis 
Fig. 4—Positions and directions of movement of virtual 
sources for p=3. 


Two methods of utilizing these lenses for scanning an- 
tennas are apparent. One method consists of rotating the 
feed around the circumference of a stationary lens to 
obtain a scan of the principal beam over an angle a (or 
slightly less than a if the gain of the unwanted beams 
considered as a limiting factor). Another method, if p is 
odd, consists of rotating the lens past a stationary feed 
to obtain a scan over an angle 2a. If p is even, no scan- 
ning of the principal beam is obtained by this second 
method; this may be seen by inspecting the virtual 
source positions as was done in the preceding paragraph. 
This second method of scanning may be extended by 
rotating a lens composed of 2p (p odd) identical virtual 
source lenses (i.e., a full sphere of these lenses) to obtain 
a sawtooth, sector scan over an angle 2a at the rate of 
2p scans per revolution of the lens. When the lens rota- 
tion produces scanning in the plane perpendicular to the 
rotation axis, a movement of the feed in the plane con- 
taining the feed and the axis will superimpose scanning 
in this plane, so that volumetric scanning may be ob- 
tained. j 

These same virtual source considerations can be ap- 
plied to a spherical pyramid bounded by plane reflec- 
tors, and as a result, an increased number of reflections, 
virtual sources, and radiated beams will exist. In this 
instance, the additional parameters present in the num- 


1954 


ber of reflecting planes and the angles between these 
planes provide such a large variety of possibilities that 
the development of a general system for determining 
positions of virtual sources and radiated beams does not 
seem advisable at this time. 


EXPERIMENTAL PROGRAM 


An experimental study was undertaken to determine 
the validity of virtual source considerations applied to 
the Luneberg lens and to measure the relative gain, 
position, beamwidth, and sidelobe level of the radiated 
beams. The virtual source considerations appeared 
quite valid, but there were some questions about the 
interaction of the radiated beams and the possible dif- 
fraction effects from nonsymmetrically illuminated 
apertures and from a high illumination appearing ata 
reflector edge for some feed positions. 

For this study, a lens with a= or p=1 (Fig. 2) was 
chosen. Ordinarily, a two-layer pillbox construction 
would be used to eliminate feed blocking for small feed 
displacements from the reference axis. In this instance, 
however, it was easy to obtain a virtual source lens by 
converting a two-dimensional Luneberg? which was 
composed of two circular, almost parallel plates and a 
polystyrene filler between the plates. The variation in n 
is obtained by utilizing the TE1) mode (E-field paral- 
lel to the plates) and varying the lens thickness, or 
plate spacing, with the radius. This 36-inch-diame- 
ter lens, together with a cross-sectional sketch which 
greatly exaggerates the plate curvature, is shown in 


ee 


Fig. 5—Experimental Luneberg lens. (a) Top view. 
(b) Cross-sectional view. 


Fig. 5. Designed at 3.2 cm, it produced a 2.2 degree 
beamwidth E-plane radiation pattern with sidelobes 18 
db below peak power when fed with a source whose il- 
- lumination tapers to 18 db below peak at Y= +7/2. By 


2G. D. M. Peeler and D. H. Archer, “A two-dimensional micro- 
wave Luneberg lens,” TRANSACTIONS, PGAP, p. 12; July, 1953. 
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placing a reflecting surface along a diameter of this lens 
a virtual source lens was obtained. The reflector was 
made 3’g inch in thickness to prevent energy from propa- 
gating past it. It was found experimentally that the orig- 
inal feed (the lower waveguide in Fig. 6) when used 
with this virtual source lens gave too much aperture 
blocking for small values of G. However, when the 90- 
degree curved section of waveguide (Fig. 6) was added 
so that only a small length of feed was left in the plane 
of the lens, aperture blocking was reduced considerably. 


Fig. 6—Feeds for lens. 


For a lens with a=7, there is a virtual source at an 
angle t—6 and two radiation beams, a reflected beam 
at —§, and a direct beam at 7+. The reflected beam, 
formed of rays with one reflection, is the principal one. 
Although detailed radiation-pattern calculation for 
these beams is impractical and somewhat unneeded, an 
idea of the relative gains and beamwidths may be ob- 
tained by considering the energy in the beams and the 
projected effective apertures from which these beams 
are radiated. It will be assumed that the: beamwidths 
are inversely proportional to the relative apertures and 
that relative gain is proportional to both the total en- 
ergy in the beam and the relative apertures. As shown 
in Fig. 2, the projected apertures for the reflected and 
direct beams are 1+cos 6 and 1 —cos B, respectively, for 
a unit-radius lens. Then, assuming a 2.2 degree beam- 
width for the reflected beam when 8 =0 (as found in the 
full lens), the reflected-beam beamwidth should vary as 
2(2.2)/1+cos 6 and the direct-beam beamwidth as 
2(2.2)/1—cos B. Peeler and Archer? showed that the 
normalized electric field at the aperture of this lens is 
approximately | £,| =c cosy, where c is a constant. The 
integral of | Z| 2 over the projected portion of the aper- 
ture radiating a beam yields the energy in the beam, and 
the integral multiplied by the projected aperture gives 
the expected relative gain. These calculated beamwidths 
and relative gains are shown by the dashed curves in 
Fig. 7. As 8 approaches +90 degrees the calculated gains 
of the two beams become equal and are 6 db below the 
reflected beam gain for 8=0 since the power becomes 
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equally divided between the two beams and each aper- 
ture approaches one half of the reflected beam aperture 
for B=0. As B approaches +90 degrees, both beam- 
widths approach 4.4 degrees or twice the reflected-beam 
beamwidth for B=0. 

For comparison, Fig. 7 also contains experimental 
data obtained from E-plane radiation patterns taken at 
a frequency of 9,315 mc. In plotting these data, the 
peak power and sidelobe level for each pattern have 
been normalized to the reflected-beam peak power at 
8=0. This method permits easy comparison of the re- 
flected-beam sidelobe level and the direct-beam peak 
power. For any particular feed position, the sidelobe 
level is found by taking the difference between the peak 
power and the indicated sidelobe level. Experimental re- 
sults agree quite well with calculations. The beam posi- 
tions were as calculated but were not plotted. The actual 
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Fig. 7—Experimental and calculated data for a one-reflector 
virtual source lens. 


beamwidth of the reflected beam is slightly greater than 
the calculated width for |B | <40 degrees and somewhat 
smaller for | B| >50 degrees. A sidelobe level of 14 db 
for the reflected beam is somewhat higher than might 
at first be expected; for | B| <45 degrees, however, an 
increase in the normal sidelobe level might be expected 
as a result of feed blocking. For the larger 6’s, the side- 
lobe level is probably due to the nonsymmetrical ampli- 
tude distribution over the reflected beam aperture. The 
direct-beam gain is below the sidelobe level of the re- 
flected-beam for |8|<55 degrees, and the reflected- 
beam gain drops only 1.4 db at the edges of this range. 

It can be noticed that data taken for this lens show 
asymmetry which can probably be attributed to some 
of the slight imperfections in the model. As a result of 
handling, the polystyrene around several of the bolt 
holes has fractured somewhat so that local refraction 
could occur in these regions. The fit between the re- 
flector and the polystyrene appears good but a slight 
separation might also give local effects. There is no 
apparent asymmetry, hence a better model might pro- 


vide symmetry and a lower sidelobe level. 

For larger values of 8, the direct-beam gain is greater 
than the sidelobe level of the reflected beam and could 
restrict the limit of operation for some applications. The 
direct-beam gain can be considerably reduced by placing 
absorbent material at the edges of the lens so that rays 
in the direct beam are absorbed without disturbing the 
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Fig. 8—One-reflector virtual source lens with absorbing material. 


rays in the reflected beam. Fig. 8 shows one method of 
placing this material to absorb all the rays in the direct 
beam for 8= +60 degrees. For larger values of 8, not 
all of the direct-beam rays will be absorbed, but only 
those rays with little energy will be radiated past the 
absorbers. Also, for |8| >60 degrees, the gain of the 
reflected beam should be reduced slightly as a result of 
the absorption of some of its energy. 
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Fig. 9—Experimental data for a one-reflector virtual source lens 
with absorbing material. 


Fig. 9 contains experimental data for this lens; micro- 
wave absorbing material*4 has been added as shown in 
Fig. 8. The direct-beam gain was reduced below the 
sidelobe level of the reflected beam for |6| <80 degrees. 
No effect on the reflected beam is noticed for |B] <60 


: Manufactured by the Sponge Rubber Products Co. 


; ? Simmons and W. H. Emerson, “Anechoic ch 
microwaves,” Tele-Tech & Elec, Ind., p. 47; July, 1953. pai A 


1954 Mitra and Jones: Theoretical and Experimental Study of the Recombination Coefficient in the Lower Ionosphere 99 


degrees; both gain and beamwidth, however, deteri- 
orated slightly for | | > 60 degrees. The calculated gain 
and beamwidth of the reflected beam for the lens with- 
out absorbing material is included for reference. 

Another method for reducing the direct-beam gain 
appears feasible, although it was not checked experi- 
mentally. The 3/16 inch reflector can be extended be- 
yond the edge of the lens so that part of the direct-beam 
energy is directed into the reflected beam. Since this 
energy is in phase with the energy already present in the 
reflected beam, this method should maintain the re- 
flected-beam gain and beamwidth more constant with 8. 

The gain of unwanted beams can be further reduced 
by employing a greater illumination taper so that these 
beams contain less energy. This method has chief ad- 
vantage for small values of 8; as 8 approaches a/2, its 
use entails less gain reduction. For the larger 8’s, how- 
ever, tipping the feed so that the central ray is not di- 
rected at the wedge vertex would result in less energy 
in these beams. The use of more directive feeds is prob- 
ably mandatory for small wedge-angle lenses which can 
produce several beams with gains comparable with the 
gain of the principal beam. 


CONCLUSION 


The analysis of virtual source Luneberg lenses shows 
that they can produce several perfectly focused radia- 


tion beams, each appearing to originate from a separate 
virtual source. The virtual source and beam positions 
can be accurately predicted from the spherical wedge 
angle a and the feed position 8. In general, only a few 
of the beams are important; others contain little energy 
and have large beamwidth patterns so that their gain 
is below the diffraction sidelobe level of the important 
beams. For lenses with a=7/p, where p is an integer, 
the beam with greatest gain has a position of +8, or has 
a displacement from the wedge bisector equal to that 
of the feed, so that this lens has a unity beam-factor. 

Experimental data on a two-dimensional lens with 
P=1 show good agreement with calculated beam posi- 
tions, gain, and beamwidth. The sidelobe level from a 
spherical-wedge model or from a double-layer model 
would probably be somewhat lower than that found 
with this two-dimensional lens. Several methods for re- 
ducing the gain of unwanted beams were presented, and 
one method involving the addition of absorbing mate- 
rial was verified experimentally. 

If a scan angle less than 120 degrees is desired, these 
lenses are useful for applications in which the size or 
weight of a full Luneberg sphere is prohibitive. For ap- 
plications requiring several beams, where information 
from the beams need not be separated, one of these 
lenses can probably be designed to provide beams with 
the required gains in the desired directions. 


A Theoretical and Experimental Study of the Recom- 
| bination Coefficient in the Lower Ionosphere“ 
. A. P. Mirrat AND R. E. JONES{ 


Summary—tThe problem of recombination of electrons and ions 
in the lower ionosphere is studied both experimentally and theo- 
retically. The experimental study involves analysis of new experi- 
mental data such as 150-kc radio wave absorption, polarization, and 
phase heights; absorption of short-wave galactic radiation; and E- 
region critical frequency, as well as recombination values already 
published. Then, by use of the theories of dissociative recombination 
and negative ions, a theoretical model is derived which is consistent 
with the experimental results. The values of the coefficient during 
night-time and during sudden ionospheric disturbances are dis- 
cussed. 


HIS paper presents a tentative model of the height 
“variation of the recombination coefficient, a, in 
the lower ionosphere, derived from published re- 
combination values and a number of new experimental 
data such as 150-kc radio wave absorption, polarization, 
and phase heights; ionospheric absorption of short-wave 
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galactic radiation and E-region critical frequency. Two 
methods have been used in estimating a. One is the well- 
known method of Appleton! and the other is from the 
time delay of the maximum of electron density from 
local noon. The latter involves the solution of the equa- 
tion: 


where JN is the electron density and g is the rate of 
electron production. Approximate solution of the dif- 
ferential equation by means of successive approxima- 
tion? yields the relation: 


1 
2) = — (1) 
2a(z) Nx(z) 

where 7 is the time of delay in seconds and JN, is the 
value of electron density at noon; all for a given 
height z. Eq. (1) has been derived for forms of the func- 
tion g(t) which may be represented by an even power 
1E. V. Appleton, “Regularities and irregularities in the iono- 

sphere,” Proc. Roy. Soc., vol. A 162, p. 451; 1937. 


2 A. P. Mitra and R. E. Jones, Scientific Rep. No. 44, lonosphere 
Research Lab., The Pennsylvania State University; March 25, 1953. 
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TABLE I 
New ExpERIMENTAL VALUES OF a UNDER NORMAL CONDITIONS 
; / Appropriate 4 
Point ; Electron Height a 
ou Source Experiment Density Used (km) (cm? sec™+) 
Fig. 1 (per cm?) 
— 10 Ahrlbvds Meret 
A CRPL-F (Wash) fot vst 1 re 
B Jones ser 150-kc h vs t 3,000 90 : ppeve ee 
G Benner 150-kc absorption 600-800 80 a x Abe 
D Nearhoof 150-ke polarization : 600-800 80 es ae 
E Mitra and Shain 18.3-mc galactic absorption 600-800 80 7 : te 
F Bracewell and Bain 16-kc h vs t 250 70 15,.37X 


series of constant and second degree terms. This in- 
cludes variations of the type of Nicolet and Bossy* or 
the simple one of Chapman. 

Although (1) refers primarily to a diurnal variation of 
electron density, it may also be employed for radio data 
on absorption, polarization, and phase height by suita- 
ble substitution. The absorption data utilized are the 
150-kc results obtained at the Pennsylvania State Uni- 
versity,4 the medium short-wave absorption results ob- 
tained by Piggot,® and the 18.3-mc absorption results 
of Mitra and Shain® (in which the radio frequency radia- 
tions from the galaxy have been used and the contribu- 
tions by the F.-layer eliminated). For all these cases 
D-region absorption is nearly proportional to Nmax, the 
electron density at the height of the maximum.’:* The 
polarization results used are the diurnal variations of 
the tilt angle y at 150 kc as observed at The Pennsyl- 
vania State University.®»® It is also shown’ that y is 
nearly proportional to Nmax. The phase-height results 
used are those of Jones! at 150 kc and of Bracewell and 
Bain" at 16 kc. It can be shown” that, in both cases, the 
phase height # around noon varies approximately line- 
arly with the layer critical frequency, fo, and may be 
approximated by 


hoe In — Kf. 


The daytime values of recombination coefficient ob- 
tained from the new experimental data are given in 
Table I, above. 


*M. Nicolet and L. Bossy, “Sur l’absorption des ondes courtes 
dans l’ionosphere,” Ann. Géophys., vol. 5, p. 275; 1949. 

4A. H. Benner, Tech. Rep. No. 18, Ionosphere Research Lab- 
oratory, The Pennsylvania State University; January 30, 1952. 

5 As advised in a private communication. 

° A. P. Mitra and C. A. Shain, “The measurement of ionospheric 
absorption using observations of 18.3 mc/s cosmic radio noise,” Jour. 
Atmos. Terr. Physics, vol. 4, p. 204; 1953. 

7 J.C. Jaeger, “Equivalent path and absorption in an ionospheric 
region,” Proc. Phys. Soc., vol. 59, p. 87; 1947. 

8 J. M. Kelso, H. J. Nearhoof, R. J. Nertney, and A. H. Waynick, 
“The polarization of vertically incident long radio waves,” Ann. 
Géophys., vol. 7, p. 215; 1951. 

* H. J. Nearhoof, Tech. Rep. No. 25, Ionosphere Research Lab., 
The Pennsylvania State University; August 20, 1951. 

10 R. E. Jones, Scientific Rep. No. 41, Ionosphere Research Lab., 
The Pennsylvania State University; August 15, 1952. 

™ R. N. Bracewell and W. C. Bain, “An explanation of radio 
propagation at 16 kc/s in terms of two layers below E-layer,” Jour. 
Atmos. Terr. Phys., vol. 2, p. 216; 1952. 

® R. J. Nertney, Tech. Rep. No. 20, Ionosphere Research Lab., 
- The Pennsylvania State University, March 15, 1951; “The lower E 
and D region of the ionosphere as deduced from long radio wave 
measurements,” Jour. Atmos. Terr. Phys., vol. 3, p. 92; 1953. 


The heights assigned are 80 km for D-region absorp- 
tion and polarization effects and 90 and 70 km for the 
phase heights at 150 kc and 16 kc, respectively. These 
values of a have been plotted in Fig. 1 as well as the 
various published values for the level of the E-region 
maximum ionization (110 km) obtained from the 
diurnal variations of the E£-region critical frequency, 
fo, and from eclipse studies. In addition, a new value 
of 2.110-8 cm?/s obtained by analyzing later CRPL-F 
reports of fyZ at Washington, D. C., has been included 
(Point A). A mean curve has been drawn through the 
average value, indicated by a cross, at each height. 
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Fig, 1—Recombination coefficient as a function of height. 


It should be noted here that a question may arise 
about attributing most of the short-wave absorption to 
D-region in the experiments of Mitra and Shain, and of 
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Piggot. In (1) it was shown that T, the time delay of the 
maximum effect after local noon, is a function of height. 
To clarify the question, this function has been plotted 
in Fig. 2 from data to which satisfactory assignment of 
height is possible. These include the phase height asym- 
metry results at 16 and 150 kc, absorption and polariza- 
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Fig. 2—Time delay (7) as a function of height. 


tion asymmetries at 150 ke and foE asymmetry. Fig. 2, 
which does not include the short-wave absorption results, 
shows that, independently of the problem of the amount 
of absorption at the various levels, the time delay 7 cor- 
responding to the level of the maximum of the D-layer, 
about 80 km, is several times greater than that cor- 
responding to the level of the E-region. Thus, even if 
considerable absorption takes place in £, the high values 
of 7 found in the reference experiments must be due to 
the D-region. 

The recombination values so far discussed refer to 
daytime. Approximate estimates regarding the recom- 
bination coefficient at night have also been made from 
sunset data on 18.3-mc galactic absorption, 150-kc ab- 
sorption and two days’ diurnal variation of fy>#. While 
the foE results (where the existence of nonsolar sources 
of ionization complicate satisfactory interpretation of 
the data) show smaller values at night than during the 
day, the others, which refer to a level of 80 km, give 
larger values at night than during the day. The average 
ratio, for the latter, is about 4:1. ' 

Estimates have also been made on the values of a 
during sudden ionospheric disturbances (SID), as- 
sumed to be due to solar flares. For this purpose a com- 
parison was made of the variation of the width of the 
solar H, line during a flare and the corresponding radio 


sudden phase anomaly (SPA) or sudden enhancement 
of atmospherics (SEA). These variations were plotted 
on the same time base with ordinate scales chosen so 
that their maxima occur at the same ordinate level. The 
data used here are from Ellison, and Bracewell and 
Straker.4 The analysis has been made in two different 
ways. In the first method the various curves have been 
compared at different levels and a calculated from? 


NoT 


where the subscripts 1 and 2 refer, respectively, to the 
reflection level at the time of the maximum of the effect 
and the reflection level at any subsequent time and the 
g@’s are the phases corresponding to these reflection 
heights; T gives the difference between the times taken 
by SPA to recover to the level ¢2 and the line width to 
recover to its corresponding value. 
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Fig. 3—Recombination coefficient as a function of height 
obtained from solar flare effects. 


In the second method, measurements have been made 
of the time delays between the maximum of the ion- 
ospheric effect (SPA or SEA) and the maximum of the 
flare itself. Approximate heights of maximum effect 
have been assigned to these on the basis of an assumed 
70 km for no effect. The results are plotted in Fig. 3 


18 M. A. Ellison, “Ionospheric effects of solar flares,” Royal Obs., 
Edinburgh, vol. 1, p. 53; 1950. 

14 R. N. Bracewell and T. W. Straker, “The study of solar flares 
by means of very long radio waves,” Mon. Not. R. Astr. Soc., vol. 109, 
p. 28; 1949. 
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along with the experimental mean curve of Fig. 1, 
which is for normal conditions. It may be seen that the 
flare values fall reasonably near the normal curve, hav- 
ing a spread which is no worse than the scatter of the 
normal points of Fig. 1. This implies that, for any 
height, the recombination coefficient remains constant 
during an SID and that the apparent change is fully ex- 
plained by the decrease in height. 

The theoretical interpretation of these results in- 
volves the theory of dissociative recombination and the 
theory of negative ion recombination. According to the 
former, recombination occurs by a process 


XY¥++e—xXx’'+ Y/Y’ 


while, according to the latter process, electrons attach 
to neutral particles to form negative ions which then 
disappear through a process of collisional detachment 
and ionic recombination. The negative ion theory has 
recently been examined by Bates and Massey" and has 
been found inadequate for Regions E and F. For these 
regions, dissociative recombination is supposed to pre- 
dominate. For the lower ionosphere, however, the lack 
of sufficient experimental information has heretofore 
handicapped any adequate study of the possible recom- 
bination processes. In view of the experimental results 
reported in Table I and Fig. 1, it is now possible to ex- 
amine these two theories for the lower ionosphere in 
some detail. 

The effective recombination coefficient under the 
conditions where electrons disappear through negative 
ion formation as well as through dissociative recom- 
bination will be given by® 

«| (2) 


ty B(O2)n(Oz) + B(O)n(O) 
lap] + | k(O)n(O) + p 


[ap] + [Aa] 


where 


ap is the coefficient of dissociative recombination 
d is the ratio of the concentration of negative ions 
to that of electrons 
B is the coefficient of attachment 
n is the particle density 
Rk is the coefficient of collisional detachment 
p is the coefficient of photodetachment 
a; is the coefficient of ionic recombination. 


The first term is the contribution of dissociative recom- 


_ » D.R. Bates and H. S. W. Massey, “The negative ion concentra- 
fe in the lower ionosphere,” Jour. Atmos. Terr. Phys., vol. 2, jo, le 
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bination while the second term gives the negative ion 
contribution. Calculations with various possible values 
of the coefficients (8, 2, p, and a;) suggest that the latter 
can interpret observational results below about 80 km 
only, above which the discrepancy is serious. Although 
exact values of ap are not available at present, the 
theoretical computations of Bates,!® and Biondi and 
Brown’s!” microwave recombination values of Op» (at- 
tributed to the dissociative process), extrapolated to 
low pressures, suggest that a value of about 3X107° 
cm?/s (required to explain the observational result at a 
height of 110 km) is quite likely for pressures of 10~* 
mm of Hg or below, and a temperature of 300 degrees K. 
The theoretical curve of a from (2) obtained from such 
considerations is shown in Fig. 1. It seems likely, there- 
fore, that recombination occurs mainly through negative 
ions between 70 and 80 km and through dissociation 
above 85 km. The region between 80 and 85 km is the 
transition region between the two processes. 

At night when the photodetachment coefficient van- 
ishes, the negative ion recombination coefficient is in- 
creased by a considerable amount; except perhaps in the 
height range 80-85 km. The dissociative recombination, 
however, is not appreciably affected at night, so that, 
in regions where the dissociative recombination is Jarge, 
the increase in \a; (see (2)) at night may not affect the 
actual coefficient to a large extent. Calculations show 
that for the case in which dissociative recombination 
predominates above 85 km and negative ion recombina- 
tion below 80 km, there is a theoretical increase of a 
from 2.4X10~7 cm/s to 6.51077 cm?/s at 90 km. The 
observed ratio of 4:1 of nighttime to daytime recom- 
bination coefficients at 80 km is, therefore, explained. 
However, it is necessary to obtain better estimates of 
night values of a before definite conclusions can be 
drawn. 

Lastly, the experimental result that, for any height, 
the recombination coefficient remains constant during 
an SID indicates that ) is not changed at all and, hence, 
any enhancement of electron density must be inter- 
preted by an enhancement in g. An adequate enhance- 
ment in qg capable of producing the observed enhance- 
ment of ionization and the large changes in phase 
height as observed at 16 kc may be obtained on the 
single assumption that the normal as well as the SID 
ionizations are due to the photoionization of NO byes 
radiation. 


16D. R. Bates, “Electron recombination in heli ” Ph 
vol. 77, p. 718, vol. 79, p. 492; 1950. oe ys. Kev, 
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ce in helium,” Phys. Rev., vol. 75, p. 1700, vol. 76, p. 1697; 
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Low Frequency Waves on Transmission Lines 
of Composite Section * 


R. W. KLOPFENSTEIN}, mMemBer, IRE 


Summary—Three types of transmission lines are analyzed, and 
it is found that the principal wave is not transverse electromagnetic 
in transmission lines for which the medium between the conducting 
boundaries is other than a homogeneous isotropic dielectric. Calcula- 
tions of characteristic impedance and velocity of propagation on the 
basis of electrostatic and magnetostatic field distributions are ac- 
curate in the low-frequency limit. The cut-off frequency for the first 
higher order mode lies between those that would be obtained if the 
transmission lines were entirely filled with one dielectric material 
or the other. 


INTRODUCTION 


UCH OF THE work done to date on the 

propagation of electromagnetic waves along 

transmission lines and in wave guides has been 
concerned with the case in which an isotropic homogene- 
ous medium was bounded by a conducting surface or 
conducting surfaces. A limited amount of work, how- 
ever, has been done on wave guides of composite sec- 
tion.'?:? This paper deals with the propagation of low- 
frequency waves on transmission lines of composite sec- 
tion. The use of such transmission lines is often desirable 
due to mechanical considerations. One approach to the 
analysis of such transmission lines would be through the 
consideration of electrostatic and magnetostatic field 
configurations as in the case of transmission lines of uni- 
form cross-section. That such an approach is not strictly 
valid is one of the results of the work presented here. 

_ Attention is focused on the propagation of the prin- 
cipal wave in three types of transmission lines of com- 
posite section. While two of these transmission line 
types have been previously considered‘ they are dis- 
cussed here from a somewhat different point of view. 
Although a knowledge of the cut-off frequencies for 
higher order modes is not required in the analysis of 
principal wave propagation, it is essential in application 
to have a knowledge of the cut-off frequency of at least 
the first higher order mode since a transmission line is 
not ordinarily usable above this frequency. The cut-off 
frequencies for the higher order modes in the transmis- 
sion lines analyzed have been obtained. 

Conventional transmission line theory is exactly ap- 
plicable when a transverse electromagnetic wave is 
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propagated in a transmission line. In general, for a trans- 
mission line for which the medium between conductors 
is not isotropic and homogeneous the transverse electro- 
magnetic wave cannot be propagated at even the lowest 
frequencies, but rather the principal wave is of a more 
complicated type which depends for its exact form on 
the configuration of the transmission line. One of the 
aims of this paper is to determine to what extent con- 
ventional transmission line theory is applicable to prin- 
cipal wave propagation in transmission lines of compos- 
ite section. The results are presented in terms of an ef- 
fective dielectric constant for the transmission line. This 
effective dielectric constant may be used in the calcula- 
tion of the characteristic impedance and velocity of 
propagation for the transmission line. In the cases 
treated the effective dielectric constant is somewhat 
higher than that which would be predicted on the basis 
of an electrostatic capacity calculation. 


DEFINITION OF SYMBOLS 


The symbolization to be used is essentially similar to 
that used by Stratton.’ The mks system of rationalized 
units has been used throughout; the time dependence 
has been introduced through the factor e~***. The Z axis 
has been taken as the direction of wave propagation in 
the co-ordinate systems employed. For convenience in 
reference, the symbols used are set forth below: 


i satisfies the equation 7?= —1. 

t denotes the time variable expressed in seconds. 

w is the angular velocity in radians per second of a 
periodic function of time. 

x, y, and zg are the co-ordinates in a rectangular co-or- 
dinate system. 

i, j, and k are the unit vectors directed respectively 
along the X, Y, and Z axes. 

r, 0, and zare the co-ordinates in a cylindrical co-ordi- 
nate system. 

€ and S are the electric and magnetic field vectors re- 
spectively. ; 

E and F are the electric and magnetic field vectors re- 
spectively from which the time and z dependence 
have been removed. 

E, and H, are respectively the parts of F and H lying 
in a plane perpendicular to the Z axis. 

E, and H, are respectively the components of F and 
H along the Z axis. 

u denotes the magnetic permeability of a medium. 

‘e denotes the electric permittivity of a medium. 

k is a quantity arising in the solution of Maxwell’s 


5 J. A. Stratton “Electromagnetic Theory,” McGraw-Hill Book 
Co., Inc., New York, N. Y., 1st ed.; 1941. 
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equations which, for a nonconducting medium, is 
defined by the equation k? =w"ue. 

h is a separation constant which arises in the solu- 
tion of Maxwell’s equations. It is inversely propor- 
tional to the phase velocity of the wave in the z di- 
rection. 

e*, defined by the equation 1? =wye*, is an effective 
dielectric constant for composite transmission lines. 

xo, L, a,b, and c are used in denoting the dimensions 
of the transmission lines considered. 

Jn(z), Nn(2), In(z), and K,(z) denote Bessel functions 
of the first and second kind and modified Bessel 
functions of the first and second kind respectively. 


Other symbols not defined here will be defined when 
they are used. Subscripts on the symbols above will be 
used to associate them with a given medium. 


GENERAL [THEORY 


For the purposes of this paper only waves propagated 
in a single direction will be considered, and the direction 
of propagation will be taken as the positive Z axis. The 
electric and magnetic field vectors may then be repre- 
sented as follows: 


| 
| 


= fiei(ie—ot) = (BE. +: RE.) ei (he-e8), (1) 
and 
5 = Het) = (A, + RH, etree), (2) 


where EF, E., H, and H, are vectors, and E, and H, are 
scalars which depend only on the co-ordinates in a plane 
perpendicular to the Z axis. E, and dH, lie entirely in a 
plane perpendicular to the z axis. 

From Maxwell’s equations it is found that E, and H, 
must satisfy the scalar wave equations 


VE, + (k? — W)E, = 0, (3) 
and 
WH + (kh? =), = 0, (4) 
mriiere 
k? = wpe. (5) 


Furthermore, the other components of the field vectors 
are obtained from E, and H, according to the relations® 


(k2 — W)E, = ihVE, — iouk X VH., (6) 
and 
(k2 — h2)H, = ihVH, + iwek X VE., (7) 


provided k?—h?40. If k?—h?=0, the wave propagated 
is of the transverse electromagnetic type. 

Equations (6) and (7) show clearly that the very ex- 
istence of a TEM type wave implies that h= +k. That 
is, if a TEM type wave exists, it must be propagated at 
the characteristic velocity associated with the medium 
in which it exists. The TEM wave may be propagated 
in the case of a homogeneous, isotropic, nonconducting 
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medium bounded by perfectly conducting surfaces for — 
which the wave guide cross-section is multiply con- 
nected “ and in this case the transmission characteristics 
of the system may be predicted exactly from conven- 
tional transmission line theory using capacitance and 
inductance per unit length calculated from static field 
distributions. 

The transmission lines considered in this paper are 
not of the type just described, and their transmission 
characteristics can be predicted accurately only through 
a direct solution of Maxwell’s equations. The usual 
boundary conditions apply at the conducting surfaces 
and at the dielectric interfaces.> That is, (a) at a per- 
fectly conducting boundary, the tangential electric field 
as well as the normal derivative of the tangential mag- 
netic field vanishes, and (b) at a dielectric interface the 
tangential components of electric and magnetic fields 
are continuous. 


PERRECTIEY 
CONDUCTING 
PLATES 


Fig. 1—Composite parallel plate transmission line of first type. 


THE COMPOSITE PARALLEL PLATE LINE 


Although the parallel plate line as such is never met 
with in practice due to its infinite extent, the parallel 
plate line of finite extent is often used and results with 
regard to the infinite parallel plate line are useful in pre- 
dicting its performance in situations where edge effects 
can be ignored. Furthermore, the performance of paral- 
lel plate structures is closely related to the performance 
of the corresponding coaxial line structures for which the 
spacing between conductors is small compared to their 
radi. Parallel plate structures furnish a particularly 
instructive example for analysis due to the relative sim- 
plicity of the mathematical expressions encountered. 


Composite Line for which the Surface of Discontinuity 
Is Parallel to the Conducting Plates 


The configuration considered here is shown 5 Fig. 1. 
The fields Z, and H,, which satisfy (3) and (4) in rec- 
tangular co-ordinates with y variation only are 


Ean = Ay sin Ov te 511), (8) 
Hay = By sin (Ay + 642), (9) 
E,. = Ag sin (Avy + 801), (10) 


* W. H. Watson, “The Physical Principles of Waveguide Trans- 


eae ttiane Antenna Systems”, Oxford University Press, London, p- 


1954 


and 
Hi. = Bz sin (Aoy + b99), (11) 
where 
hi? = ky — he, (12) 
and 
hee = Fo? — he. (13) 
The additional field components are obtained from 
(6) and (7). 


When the boundary conditions at the perfectly con- 
ducting boundaries and at the boundary between the 
dielectric materials are applied the following set of lin- 
ear homogeneous equations in the four quantities A,, 
A>», By, and Bz, is obtained. 


A; sin \i(a — 6) — Ag sin Ay. = 0, (14) 
Axweid2 COS A(a — 6) — Agwesdy cos 9a = 0, (15) 
B, cos \i(a — 6) — Be cos daa = 0, (16) 
and 
Bywpyr2 sin Ai(a — 6) — Bowyod; sin oa = 0. (17) 


For the above set of four equations in four unknowns 
(A, As, Bi, Bz) to have a nonzero solution, it is neces- 
sary and sufficient that the determinant of the coefficient 
matrix be zero. In this case, the coefficient matrix has 
the form 


ay, ap O 0 | 
P= G23 Ag O 0 z iss ), (18) 
0 0 433 134 0 2 
0 0 43 44 
where 
a a 
Fy = ( y “a (19) 
Goi doe 
and 
a (se i (20) 
a43 (44 


A Laplace expansion of the determinant of F yields’ 
|F| =| Fi] | Fel. (21) 


Therefore, | F| =0 if and only if | F:| =0 or | F,| =0. 
Physically, this means that the permissible wave types 
can be separated into two types; namely, transverse 
electric waves corresponding to solutions of (16) and 
(17), and transverse magnetic waves corresponding to 
solutions of (14) and (15). 

Expansion of the determinants yields 


tan [(b — a)V/ki? — h?] 
tan [av/ko? — h?] 


€1 53 ao h? eres 
€5 ki? — h? 


for transverse magnetic waves, and 


eed 
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tan lav/ ke? — h?| 
tan [(b — a) Vk — h?| 


My ee 
=— 23 

M2 ky \ 
for transverse electric waves. Values of h satisfying these 
equations represent permissible wave types in the trans- 
mission line. 

Cut-off frequencies for higher order modes are ob- 
tained in the usual fashion by setting h=0 in (22) and 
(23). Both of these equations can then be written 


€2 
tan | kya —- 
€] 


tan [ki(b — a) | 


(24) 


where it is assumed that w2=1 as is the case with ma- 
terials normally used in practice. It is further assumed 
that €2,>e€, for convenience in discussion. There exists a 
denumerable set of wave types whose cut-off frequencies 
correspond to the positive values of ki which are roots 
of (24). Moreover, the cut-off frequencies of the trans- 
verse magnetic modes and the transverse electric modes 
coincide. 


CUT-OFF FREQUENCY OF FIRST HIGHER ORDER MODE 
IN PARALLEL PLATE LINE 
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Fig. 2—Cut-off frequencies for composite parallel plate transmission 


lines. Refer to Fig. 1 for notation. 


The first positive root of (24) is plotted in Fig. 2 for 
several typical cases. It is interesting to note the large 
effect of a given amount of dielectric material on the cut- 
off frequency of the first higher order mode. The cut-off 
frequency of the first higher order mode is lowered 
nearly as much by filling the line to two-thirds depth 
with a given dielectric material as it is by filling the line 
completely with the dielectric material. 

It is of particular interest to examine the principal 
wave type in this configuration. Equation (22) has a 
positive real root for arbitrarily low frequencies while 
(23) does not (ui=yez). Therefore, the principal wave is 
of the transverse magnetic type. Noting that the first 
positive real root of (22) satisfies 


ki =< bh <= Ro, (25) 
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and setting 
(26) 


h? = w?ye* 


where e* is an effective dielectric constant, (22) may be 
written 
a ee 
/ 1 —-— tanh | A — a) \/— = | 
€9 ey 


€2 oe . €* 
; —-1 tan E 1— — 
ex €9 


The value of e* which is the first positive root of (27) 
may be used for calculating the velocity of propagation 
and the characteristic impedance of the transmission 
line for the principal wave. 

At very low frequencies, the tangent and hyperbolic 
tangent functions may be approximately represented by 
their arguments, and the first positive root of (27) is 
then given approximately by 


- (27) 


be es 
ef ~ ) (28) 
ae, + (b = a)€, 

which is the value of e* that would be predicted on the 
basis of a calculation of the electrostatic capacity be- 
tween the parallel plates. The exact value of e* com- 
puted from (27) will be somewhat larger than that indi- 
cated by (28). 


EFFECTIVE DIELECTRIC CONSTANT OF 
PARALLEL PLATE LINE 
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CUT-OFF VALUE OF k,b 
FOR FIRST HIGHER ORDER 
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Fig. 3—Effective dielectric constant for composite parallel plate 
transmission line. Refer to Fig. 1 for notation. 


Values of the effective dielectric constant are plotted 
against a factor which is proportional to frequency for 
several cases in Fig. 3. The three cases shown have the 
same electrostatic capacity per unit width between the 
plates. It is seen that the results vary widely for differ- 
ent proportioning of the two dielectrics, and that there is 
a significant difference between the value indicated by 
an electrostatic approximation and the actual value in 
many cases. 

When the expressions for the field vectors are ob- 
tained for the principal wave, it is found that a longi- 
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tudinal component of the electric field exists at all fre- 
quencies but that this component is ninety degrees out 
of phase with the transverse components of the electric 
and magnetic fields. Thus, no real power is transferred 
across the dielectric interface, but rather, an exchange 
of reactive power takes place. The magnitude of the 
field vector components is plotted for two typical cases 
in Fig. 4. 


FIELD COMPONENTS FOR PARALLEL PLATE LINE 
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Fig. 4—Field components for.composite parallel plate transmission 
lines. Refer to Fig. 1 for notation. 


The results of this section may be summarized as 
follows. The transverse electromagnetic wave cannot be 
propagated in this case unless ki=k»2. The principal 
wave is of transverse magnetic type, and the effective 
dielectric constant for principal wave propagation de- 
pends upon frequency in general. At very low frequen- 
cies the effective dielectric congtant is given approxi- 
mately by an electrostatic capacity calculation. The 
cut-off frequency for the first higher order mode les be- 
tween those which would be obtained if the line were 
completely filled with dielectric of one type or the other. 


Composite Line for which the Surfaces of Discontinuity 
are Perpendicular to the Conducting Plates 


In the problem considered here the surfaces of dis- 
continuity are perpendicular to the conducting parallel 
plates. A denumerable number of such surfaces of dis- 
continuity are present in the parallel plate line, and the 
structure is periodic along the X axis with a period of 
2L. A cross section of the line is shown in Fig. 5. The 
fields, E, and H,, which satisfy (3) and (4) in rectangu- 
lar co-ordinates are 


Ex = Aisin (Au«% + 611) sin (Qyuy + a1), (29) 

H1 = By sin (Ai2% + 642) cos (viey + ay), (30) 

E,2 = A» sin (Ao1” + 601) sin (vay + a1), (31) 
and 

Hx = Bz sin (Xo2% + 522) cos (vo2y + a2), (32) 
where 


1954 
Mi? +b vi? = ki? — he (33) 


A consideration of the boundary conditions leads to 
the conclusion that 


nvr 
Vit = Vig = Vor = Vog = —) 
a 


ai; = 0, 


(34) 


where x is restricted to positive integral values or zero, 
and that 


dor =, Nag, (35) 
henceforth to be denoted by 2 and that 


Aur = Arg, (36) 


henceforth to be denoted by \;. The requirement that 
the wave functions for two corresponding points in 
media of the same type shall be equal leads to a differ- 
ence equation which determines a relation between the 
6;, for successive media of the same type. Ultimately 
by applying the boundary conditions at the dielectric 
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Fig. 5—Composite parallel plate transmission line of second type. 


PERFECTLY 


oA Lea 9 


interfaces a set of eight homogeneous linear equations 
in eight unknowns is obtained similar to (14) through 
(17). Upon setting the determinant of the coefficient 
matrix equal to zero, it is found that the determinantal 
equation is factorable. A nonzero solution to the system 
of equations exists if and only if 


a : nee ; : : 
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[Me ki? — h? tan (%o./ky — h? 
4/ ry, 2 Te ; eR: ) (39) 
mV ko — he? tan [(L — x)V/k.? — h?| 
and 
be hy? — h? tan (29-/ ki — h? 
“4/ a Desc (tov i WEES - (40) 
i) ky? — h? tan [(L — x9)4/ko? — h?| 


in which case the waves are of the transverse electric 
type. Equation (40) has a positive real root for arbitrar- 
ily low frequencies which corresponds to the principal 
wave. Upon rewriting this equation in terms of the ef- 
fective dielectric constant defined by (26) it is found 
that 


Ga Ge 
sia, 1—— tanh} k1x9 —-1] 
By €2 €2 . €1 


= - (41) 
be €1 en e 
——1> tan | Ro(L— x9) 1—-— 
€j €2 


It is assumed that wi=yp,2 and that €.>€, as before. 

At very low frequencies the hyperbolic tangent and 
tangent functions may be represented approximately by 
their arguments. When done it is found from (41) that 


(42) 


which is the same value of e* that would be predicted on 
the basis of electrostatic capacity calculations. The ex- 
act values of e* obtained from (41) will be somewhat 
larger than those given by (42). Values of the effective 
dielectric constant for several typical cases are plotted 
against a factor proportional to frequency in Fig. 6. 

It is noted that the principal wave here is of the trans- 
verse electric type while for the previous case it was of 
the transverse magnetic type. When expressions for the 
field vectors are obtained it is found that a longitudinal] 
component of magnetic field exists at all frequencies and 


2yy 2 


rn 
nN (L (kh? — h*) De Re+t (ke— h?) da” Ra? hi? e (ko? — k,?)? 
tan (1%) tan [Ao(L— xo ma 
wpe aa eiDane ao Nak? — I) (By? 22) 0, (37) 
tan [\o(L — xo) | tan (A120) tA2( Ri 2 
or 
242 
: Nee ice dee 
tan [\o(L— xo) tan (Ai Xo er: 
ol ee fe es 
tan (A1%0) tan [\2(L— x0) | 1A k1 
n #0. (38) 


It is noted that (37) and (38) can be written as quad- 
ratic forms in tan (Aixo) and tan [A2(L so) J, and, 
hence, they are factorable into linear expressions in 
these quantities. Except for the case n=0, the wave 
types are neither transverse electric nor transverse mag- 
netic but rather a combination of the two types. In the 
event 2=0, (37) and (38) are replaced by 


" 


that this component of magnetic field is ninety degrees 
out of phase with the transverse components of the field 
vectors so that again no real power is transferred across 
the dielectric interfaces. The magnitude of the field 
components is plotted for two typical cases in Fig. 7. 
The cut-off frequencies for higher order modes may be 
determined by setting 4=0 in (37) and (38), or in the 
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special case n=0 by setting h=0 in (39) and (40). 

The transmission line parameters and dimensions will 
determine which of these equations will yield the low- 
est cut-off frequency. However, if a<L the first positive 
root will be determined from (39). In this case, the 
curves of Fig. 2 may be used to predict the cut-off fre- 
quency of the first higher order mode by replacing k1b 
by kL and letting r=1—(x0/L). 


EFFECTIVE DIELECTRIC CONSTANT OF 
PARALLEL PLATE LINE 
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Fig. 6—Effective dielectric constant for composite parallel plate 
transmission lines. Refer to Fig. 5 for notation. 


FIELD COMPONENTS FOR 
PARALLEL PLATE LINE 
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Fig. 7—Field components for composite parallel plate transmission 
lines. Refer to Fig. 5 for notation. 


The results of this section may be summarized as fol- 
lows. The transverse electromagnetic wave cannot be 
propagated for kiA%k:. The principal wave is of-trans- 
verse electric type, and the effective dielectric constant 
for the principal wave depends upon frequency as well 
as upon line parameters. At very low frequencies the 
effective dielectric constant is given approximately by 
an electrostatic capacity calculation. The higher order 
modes are of transverse electric type or of a combina- 
tion transverse electric transverse magnetic type, 


L-R-E TRANSACTIONS—ANTENNAS AND PROPAGATION 


July 


Tue CoMPOSITE COAXIAL LINE 


The problem considered here is that of the determina- 
tion of permissible wave types in a coaxial transmission 
line filled with two different lossless dielectrics with the 
surface of discontinuity being a circular cylinder con- 
centric with the perfectly conducting cylinders which 
form the boundary of the transmission line. A cross sec- 
tion of the transmission line is shown in Fig. 8 with the 
Z axis directed out of the paper. 


PERFECTLY 
CONDUCTING 


Fig. 8—Composite coaxial transmission line. 


The analysis of this configuration is very similar to 
that for the configuration of Fig. 1 with the wave func- 
tions of circular cylindrical co-ordinates being used in 
place of those of rectangular co-ordinates. It will not be 
produced in detail, but the results for the principal wave 
will be indicated. : 

The principal wave is cylindrically symmetrical and 
is of the transverse magnetic type. It is convenient to 
use the following symbols: 


p = Vi? — kis, 
p= Via Bi, 
Pe ge 


R= Vke — Pr, 
B= V ke? — h?b, 
A = Vk? — ha. 


(43) 


The equation which permits determination of the effec- 
tive dielectric constant of the principal wave is 
Ko(y)Io(8) — Ko(8)Lo(y) 

Ko(y)11(8) + Ki(8)LZo(y) 


4/ far hh? No(A)Jo(B) ae J (A) No(B) 
h® — ky? No(A)Ix(B) — Jo(A)Ny(B) _ 


Fi (44) 
Low frequency solutions of (44) may be approximated 
by using the following approximate expressions for the 
Bessel functions which are valid for small arguments: 


Ii@) = 1, I)a—, 


1954 


z 
Iy(z) ~ 1, LD ret 


5 (45) 


Nx(z) <= sey 


2 
No(z) ~ — log z, 
Ty TZ 


1 
and Ki(z) ~— - 


C 
log (=) 
a 


g 
wa €1€9 ( ) 


c b 
€2 log (<) + €, log (—) 
b a 


is obtained. This is exactly the value of e* that would be 
predicted on the basis of a calculation of electrostatic 
capacity. 

The higher order modes for this configuration are of 
transverse electric type, transverse magnetic type, and 
a combination transverse electric transverse magnetic 
type. 


Ko(z) > — log z, 


With these substitutions 
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CONCLUSIONS 


Three types of composite transmission lines have been 
analyzed. Of the wave types that can be propagated in 
these transmission lines, one in each case can be propa- 
gated at all positive frequencies. These are the principal 
waves upon which attention has been focused in this 
paper. 

Transcendental equations, the solution of which will 
permit the determination of operating characteristics, 
have been obtained for each transmission line type. For 
the principal wave the results have been presented in 
terms of an effective dielectric constant. At low fre- 
quencies this effective dielectric constant approaches 
the value that would be obtained on the basis of an elec- 
trostatic capacity calculation. 

Equations which permit the determination of the cut- 
off frequencies for higher order modes have been ob- 
tained for each transmission line analyzed. These cut-off 
frequencies are generally between those that would be 
obtained if the line were entirely filled with one material 
or the other. 


Arrays of Closely-Spaced Nonresonant Slots* 
R. J. STEGEN?, AssoctaTE, IRE, AND R. H. REED¢, AssociaTE, IRE 


Summary—Slots laid broadside to each other exhibit mutual 
coupling of such magnitude that the design of practical linear arrays 
of such slots has hitherto been difficult, if not impossible. The tech- 
nique presented here will produce arrays capable of generating pen- 
cil beams or shaped beams with controllable side-lobe level. A large 
number of slots per wavelength are used and the mutual-coupling 
effects are kept small by making the slots short compared to a half 
wavelength. Tests have shown that these arrays may be placed side 
by side without interaction, thus making it possible to construct a 
two-dimensional array. 


INTRODUCTION 
lees ADVENT of high-speed aircraft has made 


imperative the use of flush-mounted antennas. Al- 
though small and relatively omnidirectional an- 
tennas of this type exist, flush antennas that would be 
suitable for radar applications are necessarily large com- 
pared to wavelength, and present some serious prob- 


lems. To date the study of large antennas capable of 


being flush-mounted ,has proceeded along two principal 
lines: a. surface-guided wave antennas and b. two- 
dimensional resonant slot arrays. Surface-guided wave 
antennas, complicated by the necessity of combining 
transmission line and radiator into a single device, are 


* Original manuscript received by the PGAP, October 14, 1953; 
revised manuscript received, March 2, 1954. 


+ Formerly with Hughes Research and Development, Labora- 
tories, Culver City, Calif., now with Canoga Corporation, Van 


Nuys, Calif. ; : 
Dt Hughes Research and Development Laboratories, Culver City, 


Calif. 


inherently end-fire. The design of conventional two- 
dimensional slot arrays leads to mutual-coupling prob- 
lems of such magnitude as virtually to prohibit usable 
designs. The arrays of closely-spaced nonresonant slots 
to be discussed demonstrate a practical method for the 
design of an extremely broadband antenna with charac- 
acteristics intermediate between surface-wave and 
broadside slot antennas. 


RESONANT SLOT ARRAYS 


A study was initiated whose object was to produce a 
csc? 9+3 db radiation pattern from 10 to 45 degrees 
with a side-lobe level 20 db or better below the main 
beam. The polarization was to be vertical, and the an- 
tenna was to operate in L-band over a frequency band 
of +12 per cent. The pattern was to be obtained by 
means of a uniform array of slots placed on a curved 
surface ten wavelengths long. Several of these arrays 
were then to be placed side by side to form a two-di- 
mensional array with a narrow azimuth beam. Each 
linear array would consist of slots series-coupled to a 
sandwich strip TEM line traveling-wave feed, the 
coupling being adjusted by varying the lateral distance 
between the slot centers and the center conductor. The 
traveling-wave feed would be terminated in the usual 
matched load. Since this arrangement would make the 
broad sides of the slots adjacent, it would represent the 
condition of maximum mutual coupling. 
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The shape of the linear array was calculated using a 
modification of the principle of stationary phase! which 
resulted in the curve shown in Fig. 1. The figure also 
shows a straight-line approximation to the curve which 
was made to facilitate construction. This approximation 
represents a maximum phase error of +15 degrees, 
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Fig. 1—Straight-section approximation to calculated curve. 


which should cause no difficulty. The radiation pattern 
of this surface was calculated assuming a continuous 
distribution with a phase constant of 0.899 relative to 
free space. This phase constant was designed to place 
the main beam at 6=cos™ 0.899 = 26 degrees from end- 
fire with respect to the longest section of the array. This 
longest portion of the array would therefore be tilted 
26 degrees with respect to the horizon to permit the 
beam to have a cosecant squared pattern from 10 to 
45 degrees. The calculated radiation pattern is shown 
in Fig. 2. 
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Fig. 2—Calculated radiation pattern of four-section modified 
surface. 


A linear array shaped as the modified surface of Fig. 1 
was constructed using resonant slots spaced a quarter 
wavelength apart. The maximum width of the strip 
TEM line is restricted by higher-order modes, so the 
slot length was limited to a quarter wavelength, reso- 
‘nance being achieved by means of dielectric loading. 
Series-capacity loading was used to reduce the propaga- 


1S. Silver, “Microwave Antenna Theory and Desien,” McGraw- 
Hill Book Co., Inc., New York, N. Y., pp. 119-122; 1049. 
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tion constant in the feed line to 0.899, the value used 
in the theoretical pattern calculation. The measured 
radiation pattern of this uniform array was poor, having 
deep nulls in the shaped portion of the beam, and high 
side-lobes elsewhere. Some improvement could be ob- 
tained over a narrow band through experimental adjust- 
ment of the slot couplings. The failure of this array was 
attributed to phase errors caused by mutual-coupling 
effects. 

Tests were performed on arrays having different slot 
spacings, and it was noted that the arrays having the 
closest slot spacings produced the best radiation pat- 
terns. It appeared that further improvement might be 
obtained through an appreciable increase in the number 
of slots per wavelength. 


NONRESONANT SLOT ARRAYS 


The slot coupling is necessarily low in a traveling- 
wave feed having a large number of elements. In the de- 
sired array it was found advantageous to use non- 
resonant slots in order to ease the close tolerances re- 
quired by low coupling. The coupling of a nonresonant 
slot is easily adjusted by varying the slot length and, 
though the reactances of such slots are greater than 
their resistances, in a large array these reactances gen- 
erally cancel each other. In a large array these react- 
ances are so small that their effect upon the phase con- 
stant of the transmission line is negligible. Since the 
phase of radiation of nonresonant slots is relatively in- 
sensitive to frequency, the use of such slots should im- 
prove broadbanding. 

The measured radiation pattern of a uniform array 
containing sixteen nonresonant slots per wavelength is 
shown in Fig. 3. A reasonably satisfactory csc? 6 pattern 
and a —21 db side-lobe level were obtainable. Because 
this number of slots does not represent the limiting case, 
(i.e., the slots are still rather widely separated), it ap- 
peared that further improvement might still be possible. 
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Fig. 3—Measured radiation pattern of‘uniform array having 16 
slots per wavelength. 


The number of slots per wavelength was increased to 
thirty-six. This was accomplished by placing wires . 
across an open broad face of the strip TEM line as 
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Fig. 4—Detail of array with 36 slots per wavelength. 


shown in Fig. 4. Small ground planes were placed on 
either side of the array to reduce scattering in the low 
side-lobe regions. The lengths of the slots were found to 
be easily controlled by partially covering them with 
metallic tape. Fig. 5 shows the radiation pattern of this 
uniform array. As can be seen, the beam is within cse? 
6+3 db out to 52 degrees from the main beam, with 
some coverage to 85 degrees. The side-lobe level is below 
—24 db. Agreement with the calculated pattern is 
reasonably good considering the experimental difficulty 
of obtaining an accurate uniform illumination. 


RELATIVE SIGNAL LEVEL -db 


DEGREES FROM ENB-FIRE 


Fig. 5—Radiation pattern of uniform array having 36 slots 
per wavelength. 


Two arrays fed by a simple tee junction were tested 
side-by-side. The spacing between the arrays was 1.14 
wavelengths, but the results of the investigation indi- 
cate that the arrays could have been separated by less 
than a wavelength without adverse effect due to mutual 
coupling. A spacing greater than one wavelength is per- 
missible in this particular antenna because of the rather 
narrow azimuth beam of each linear array. The pat- 
terns obtained with the arrays fed singly and jointly 
are shown in Fig. 6. The patterns of the individual ar- 
rays are not identical due to the difficulty of obtaining 
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accurate slot excitations; nevertheless, the patterns of 
the two arrays fed jointly is very closely the sum of the 
individual patterns. In an additional test, the power re- 
ceived by one array when the other was fed was found 
to be down 38 db. It can therefore be concluded that the 
two arrays interact negligibly. This immediately im- 
plies that a two-dimensional array can be built having 


a narrow beam in azimuth and a csc? 6+3-db pattern 
in elevation. 
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Fig. 6—Comparison of arrays fed single and side by side. 


A two-dimensional array consisting of three of the 
described linear arrays fed in equal amplitude and phase 
was built and tested. A photograph of this array is 
shown in Fig. 7. Radiation patterns as a function of fre- 


Fig. 7—Triple array with 36 slots per wavelength. 


quency are given in Figs. 8, 9, and 10. The csc? 6+3-db 
pattern and —21 db side-lobe level could be held over a 
+15 per cent band provided the over-all shift in beam 
position is taken into account. The increase in beam- 
width at the highest frequency is caused by a decrease 
of phase velocity in the TEM line which moves the 
main beam closer to end-fire. This decrease in phase 
velocity at higher frequencies is a natural consequence 
of a lower reactance in the series capacity loading. 
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Fig. 8—Radiation pattern of triple array at design frequency. 
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Fig. 9—Radiation pattern of triple array at 15.4 per cent below 
design frequency. 


0 estate all —--— 
2 
v 
5 -5 
w 
> 
we 
~ 
4 
= -10 SJ 
2 
a 
w 
rs 
&-15 
: 

-20 Sans 

° 20 40 60 80 100 120 140 160 180 


DEGREES FROM END-FIRE 


Fig. 10—Radiation pattern of triple array at 11.5 per cent above 
design frequency. 


Measurements were performed on a single linear 
array to determine the input voltage standing-wave 
ratio and the per cent power into the terminating load. 
The results are plotted in Figs. 11 and 12. The per cent 
power into the load was determined by means of relative 
power measurements at both ends of the array, and is 
under 6 per cent over the frequency band within which 
the antenna has a —21-db side-lobe level. Since the 
power into the load is very small at some frequencies, 
the results were checked by an alternate method. This 
method consisted of replacing the matched termination 
with a short circuit and observing the change in the 
radiation pattern. If the power into the load is high, a 
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“Fig. 11—Per cent of input power lost in matched termination. 
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Fig. 12—Input vswr of array vs frequency. 
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Fig. 13—Comparison of radiation patterns with matched and short- 
circuit terminations at f=11.5 per cent above design frequency. 


short-circuit termination should, in this specific design, 
result in a great deal of radiation in the region of low 
side-lobe level. Checks performed by this method cor- 
roborated the previous measurements. As an example, 
two patterns, one obtained with a matched load and 
one with a short-circuit termination, are compared in 
Fig. 13. The frequency chosen was 11.5 per cent above 
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the design frequency, since this is a point of indicated 
high efficiency. Variations in the pattern are under +1 
db at the —24-db level, showing that the power into 
the load is no higher than the measured 0.4 per cent. 
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Fig. 14—Radiation pattern of uniform rectilinear array. 


A uniform rectilinear array having 36 nonresonant 
slots per wavelength was constructed and tested for 
comparison with the theoretical pattern. The radiation 
pattern of this array is shown in Fig. 14, along with a 
calculated (sin x)/x (uniform array) pattern. Discrep- 
ancies exist, the greatest one being absence of the first 
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null. Nevertheless, considering the experimental diffi- 
culties of adjusting for an accurate uniform distribution, 
a reasonable pattern seems to have been obtained. 


CONCLUSION 


In conclusion, it may be stated that through the use 
of a large number of nonresonant slots per wavelength, 
linear arrays may be built which, under conditions of 
strong mutual coupling between slots, will give the radi- 
ation pattern calculated for a continuous distribution. 
The aperture distribution of these arrays is easily con- 
trolled, and the main beam may be directed anywhere 
except in the immediate vicinity of broadside. Such 
arrays, once designed, may be placed side by side with- 
out affecting their array factors, thus permitting the 
construction of two-dimensional flush antennas. 
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A New Antenna Feed Having Equal 
E- and H-Plane Patterns* 


ALVIN CHLAVIN}, ASSOCIATE, IRE 


Summary—When two complementary sources are combined in 
the proper amplitude and phase, desirable radiation characteristics 
for feeding a circular aperture are obtained. It is shown that when 
the feed is achieved there results a circular beam cross section 
which optimizes the efficiency of illumination of a circular aperture. 
The back radiation from the feed is down 30 db from that in the for- 
ward direction, minimizing interference effects between feed and 
aperture. It is the purpose of this thesis to show how a feed com- 
posed of complementary sources has been physically realized and 
to present and discuss experimental radiation and impedance data. 

It is well known that the radiation pattern of an electric dipole is 
a circle in the H plane and a figure 8 in the E plane. An open-ended 
coaxial line carrying the TE,; mode is similar to a magnetic dipole; 
i.e., the E plane is nearly circular while the H plane is like a figure 8. 
These two sources have been combined to produce a feed whose E- 
and H-plane patterns are of equal width. 

The complementary source idea has been applied to feeds of 
both linear and circular polarization. The linearly polarized feed is 
excited from rectangular waveguide and is simple to fabricate. It 
can be easily matched over a broadband. This feed has been used to 
illuminate a 20-inch parabola with the result that the secondary E 
and H planes are of equal width and the side lobes are 30 db down 
from the main radiation. The circularly polarized feed is excited 
_ from a circularly polarized TE, mode in coaxial line. The radiating 
structure maintains circular symmetry and the axial ratio remains 
essentially constant over a large portion of the beam. 

* Original manuscript received by the PGAP, September 15, 


1953; revised manuscript received, April 15, 1954. 
+ Hughes Aircraft Co., Culver City, Calif. 


INTRODUCTION 


N DEALING WITH pencil-beam radiation pat- 
| terns derived from circular paraboloids, the antenna 

designer tries to maintain certain performance char- 
acteristics constant with frequency. Important ones of 
these characteristics are the relative intensity of the side 
lobes, the gain, the voltage standing-wave ratio, and, 
for conically scanning radars, the level of the cross-over 
point. The designer desires to maintain the gain high 
and the side and cross-polarization lobes low. To obtain 
these results the parabola must be properly fed. 

It will be shown that if a feed composed of two com- 
plementary sources of equal amplitude are combined in 
the proper phase the resulting radiation pattern will be 
identical in the £ and H planes, and furthermore, the 
back radiation for the combination will be zero. If such 
a feed having a circular beam cross section is used to il- 
luminate a circular paraboloid, an antenna system of 
high efficiency will result since the feed has an axially 
symmetric illumination.1 The secondary radiation will 
have a circular beam cross section, moreover, the gain 


1]. D. Lawson, “The practical aspects of paraboloid aerial de- 
sign,” Jour. IEE, vol. 93 IITA, pp. 1511-1522; 1946. 
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and side lobes will be little affected by frequency 
changes because of the low back radiation from this feed. 
An additional advantage is gained by the reduction of 
cross-polarization lobes since it has been shown that a 
feed composed of complementary sources will minimize 
this effect.2 Theoretically, if the amplitudes and phases 
of the complementary sources are properly chosen the 
cross-polarized lobes will have zero amplitude. 

It is the purpose of this paper to show how a feed 
composed of complementary sources can be physically 
realized, and to present the radiation patterns and im- 
pedance data obtained. A feed of this type would find 
wide application when used in a conically-scanning 
radar since the cross-over point is of constant level with 
respect to the height of the main beam as the paraboloid 
rotates. 

THE FEED DESIGN 


The feed consists of two sources which have comple- 
mentary types of radiation characteristics orientated at 
right angles to one another. These two radiation sources 
are an electric dipole and the open end of the coaxial 
line carrying the ZF; mode. Each of. these sources 
has in the past been used as a feed in its own right.* The 
discussion that follows describes just how these two 
sources are combined to form the new feed. 

It is well known that the pattern of a dipole is a 
circle in the H plane and a figure 8 in the F£ plane. Ifa 
half-wave-diameter disk is placed perpendicular to the 
feed line about a quarter-wavelength away as a re- 
flector, back radiation is decreased about eight db with 
respect to forward radiation but the broad H-plane and 
relatively narrow E-plane patterns still persist. 

On the other hand, the open end of a waveguide or a 
coaxial line carrying the TE,, mode has a pattern that 
is nearly the complement of that of an electric dipole if 
the diameter of the waveguide is less than one wave- 
length. That is, the E-plane pattern is almost a circle 
and the H-plane pattern is almost a figure 8. This type 
of feed usually is used in conjunction with a splash plate 
which directs the energy back at the paraboloid. 

Since these two sources have patterns of comple- 
mentary characteristics, it was considered possible to 
combine them in such a manner as to have one com- 
pensate the other so that equal beamwidths would be 
obtained. Fig. 1(a) shows schematically how the field 
patterns of two complementary sources would appear. 
There is an electric and a magnetic dipole separated 
by a distance X, and for simplicity the fields are drawn 
as if they originated from the center of the two sources. 
The symbol £ represents the radiation-field intensity, 
the superscript indicates whether it is the electric or the 
magnetic dipole that is radiating, and the subscript indi- 
cates if it is the electric- or magnetic-radiation planes. 

2E. M. T. Jones, “Low side lobes in pencil-beam antennas,” 
Convention Record of the IRE, 1953, National Convention, Part 2— 
Antennas and Communications. 

3S. Silver, “Microwave Antenna Theory and Design,” vol. 12, 


M.I.T, Radiation Laboratory Series, Sections 8.8 and 10.4, McGraw- 
Hill Book Co., Inc., New York, N. Y.; 1949. 
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Fig. 1(b) is a photograph of a feed used for test pur- 
poses that was built using rectangular X-band wave- 
guide. The narrow dimension of the waveguide was re- 
duced and a hole was drilled through the broad face of 
the guide in this narrow region and a bead-supported 
dipole then centered in the hole. This now represents 
the dipole source. The T£11 source was obtained by 
placing a metallic cylinder around the waveguide in the 
region of the dipole. The cylinder and the feed line 
forma coaxial line with a rectangular center conductor. 


EN____MAGNETIC DIPOLE 


E° _— ELECTRICG- DIPOLE 


(b) 


Fig. 1—(a) Electric- and magnetic-feld distributions for two 
complementary dipole sources. (b) Test feed. 


The dipole excites parasitically a TE,, mode in this 
irregular coaxial line which is terminated in a short 
circuit placed behind the dipole and is left open on the — 
other end. This open aperture is the TE,; source. 

If the cylinder is very long it will completely surround 
the dipole and only the TE,, source will radiate with its 
broad E- and narrow H-plane patterns. If the cylinder 
is shortened until the dipole is exposed, its radiation 
will no longer be confined to the inside of the cylinder, 
but will be free to spill out into the exterior region with 
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its own pattern now adding to that of the TE,; source. 
If the cylinder is reduced in length to the extreme of only 
the metal short circuit remaining, there is only the disk- 
dipole source with its broad H- and narrow E-plane 
pattern left. It follows, then, that at some length 
between the extremes of a very long cylinder and a zero- 
length cylinder the patterns should be of equal width. 
This turns out to be the case. It also turns out that when 
the E- and H-plane patterns are made equal, the back 
radiation from the feed is a minimum. Proof of this is 
shown in the Appendix. 

It should be pointed out that the exact length of the 
cylinder for equal E- and H-plane patterns is a function 
of the distance from the cylinder short to the dipole. 
That is, when the short is far from the dipole the cylin- 
der must be longer than when the short is close to the 
dipole. This presents a means for controlling the beam- 
width of the feed as the beamwidth is narrower for close 
spacings than for more remote spacings of the short. 
The beamwidth also may be controlled by means of the 
cylinder diameter, with a smaller cylinder having a 
broader beam than a large cylinder. In all cases, the 
back radiation is lowest when the E and H planes are 
equal and is lower for close short spacings than for 
greater spacings. 


Fig. 2—Primary pattern range. 


PATTERN MEASUREMENTS 


The primary patterns o! the feed were obtained on 
the specially built range shown in Fig 2. The feed is 
used as a receiver and is mounted on a phenolic mast 
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which is attached to a slowly rotating steel beam. There 
are two servo motors which monitor the motion of the 
beam, and drive a table on the automatic pattern re- 
corder such that a range of 180 or 360 degrees may be re- 
corded. The transmitter is an open-ended rectangular 
guide that has been matched with an iris. 

An interesting addition to the pattern range is the 
use of an X-band Zp cloth cone around the feed near the 
mounting flange. Reflections from this flange produced 
a scattered field which resulted in an undesirable fine 
structure on the pattern. The use of the absorbing cone 
almost completely eliminates this effect. The entire pat- 
tern range is surrounded with absorbing materials for 
elimination of stray reflections. Both the transmitter 
and receiver can be rotated so that either the E or H 
plane can be measured. 

The secondary patterns of Figs. 6 and 7 were meas- 
ured with the same type recorder on an outdoor range 
of sufficient separation to insure far zone patterns. The 
mountings also were arranged so that either the E- or 
H-plane patterns could be taken. 

Figs. 3(a) to (d), p. 116, show primary pattern de- 
velopment of the feed as a function of the cup cylinder 
length. These patterns are for a cylinder diameter of 
slightly more than one inch, which is just sufficient to 
place over the rectangular section of guide. In Fig. 3(a), 
the cylinder is of zero length with the short being 0.313 
inch from the dipole. The result is a typical dipole pat- 
tern of broad H- and narrow E-plane patterns. Note 
that the back radiation is about nine db down. Fig. 3(b) 
shows what occurs when the cylinder is lengthened so 
that it extends 0.150 inch beyond the short. Here the 
H plane has narrowed, the E plane has broadened and 
the back radiation decreased to a level of about 17 db. 
Fig. 3(c) shows the pattern in which the cylinder length 
is increased to 0.225 inch. With this length the E and 
H planes are almost equal, and the back lobe is down 
about 18 db from the peak. The dipole is still slightly 
exposed, however. In Fig. 3(d) the dipole is covered as 
the cylinder is lengthened to 0.350 inch. The £ plane is 
now broader than the H plane and the back-lobe level 
is slightly higher at 15 db down. 

Fig. 4, page 116, shows a pattern obtained with a 
slightly larger cylinder diameter (1.450 inch O.D.). E- 
and H-plane patterns are equal with a beamwidth of 
about 65 degrees at the 10-db point. The back radiation 
is about 30 db down; in fact, for the back +60 degrees 
the radiation is below 20 db. 

Fig. 5, page 116, shows effect of changing cylinder 
length on E- and H-plane beamwidths. There are two E- 
plane and two H-plane curves shown, each one repre- 
senting a different short location of the cylinder. These 
data are for the 1.450-inch O.D. cylinder diameter used 
to obtain the radiation pattern of Fig. 4. It should be ob- 
served that there exists a large range of bandwidths for 
which one may obtained E- and H-plane patterns. 

Measurements were made to determine the character- 
istics of the secondary cross-over patterns obtained with 
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Fig. 3—Effect of cylinder length on beamwidths and back lobe. 


a 20.75-inch paraboloid reflector with an f/d ratio of 1/3 
and an offset of 1.25 degrees. Fig. 6 shows the results 
of these measurements. The three patterns were taken 
over a frequency band of 400 megacycles. Note the 
equality of the E- and H-plane patterns and the con- 
stant height of the side lobes. The cross-over level is 
constant and the same in both planes. The side lobes are 
of the order of 30 db down exterior to the swept area of 
the beam. 

In Fig. 7(a) and (b) are shown patterns at the ends of 
an even larger frequency band, the former being taken 
at 8,400 mc and the latter at 9,600 mc. At these ex- 
tremes the cross-over level has risen about 0.25 db and 
the side lobes are about 26 db down. It will be noted, 
however, that the £ and H planes are still of equal 
widths. The gain of this paraboloid was measured and 
found to be 31.7 db at 9,000 mc, which shows an effi- 
ciency of nearly 65 per cent. 
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Fig. 4—Typical primary pattern obtainable with a one- 
wavelength-diameter cylinder. 
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IMPEDANCE 


The impedance of the feed is dependent upon the 
cylinder position, the position of the waveguide short 
behind the dipole, the length and diameter of the di- 
pole as well as the dipole supporting mechanism, and 
the hole diameter through which the dipole protrudes. 
Unfortunately, these same parameters affect the power 
at which breakdown occurs in the feed. Since the cylin- 
der length and position are fixed by pattern require- 
ments, they cannot be used as parameters in the im- 
pedance matching. ‘ 

The problem of adjusting the parameters reduces it- — 
self to obtaining the largest power with the greatest 
bandwidth. The larger the hole diameter the less chance 
for arcing across the guide to the dipole. With a 0.450- 
inch diameter hole and a short teflon bead just resting 
in the hole on shoulder, the feed transmitted 120 kw 
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Fig. 6—Secondary patterns obtained at different frequencies with a 20.75-inch diameter paraboloid with an f/d of 1/3. Paraboloid offset 1.25 
degrees to show constant height of the cross-over point relative to height of main beam. 


without arcing. The frequency bandwidth in this con- 
dition was about two per cent under a vswr of 1.5. 

When the hole diameter was reduced to 0.350 inch, 
the bandwidth improved considerably. Fig. 8 is a 
curve of vswr as a function of frequency for this hole 
diameter. A bandwidth of 11 per cent with a vswr under 
1.5 was obtained. The supporting mechanism was a 
round bead pushed into the narrow region of the wave- 
guide. The diameter of the bead affects the match, the 
optimum size being about 0.500 inch for teflon. The 
power at which breakdown occurs for this condition is 
about 75 kw. A bandwidth of 22 per cent was obtained 
for a hole diameter of 0.250-inch and 0.500-inch teflon 
bead; however, the power-handling ability for this con- 
dition is below 50 kw. 

The impedance data taken were of the feed itself 
without a paraboloid. The parabola will introduce a 
reflection into the feed which causes the vswr to fluctu- 
ate rapidly with frequency changes. This problem is 
common and is discussed in the literature.* Vertex 
plates may be used to reduce the reflections at the ex- 
pense of pattern deterioration. 


4 A.V. Peppard and N. Elson, “The elimination of standing waves 
in aerials employing paraboloidal reflectors,” Jour. IEE, vol. 93 
IITA, pp. 1531-1535; 1946. 
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Fig. 7—Secondary patterns of the extremes of an 8,400- to 9,600- 
‘ mc band for the paraboloid of Fig. 6. 


CIRCULAR POLARIZATION 


Circular polarization with this type of feed is limited 
to low-power applications. A feed may be constructed 
out of round waveguide carrying the 7.1, mode. In- 
stead of one pair of holes, two are introduced at right 
angles to each other in the same plane. Equal length 
dipoles are placed through these holes and result in a 
symmetric cross. Behind this cross a cylinder is placed 
of the proper length and in the proper position. A quar- 
ter-wave plate is introduced in the line preceding the 
cross and the feed is complete. 

The difficulty with such a construction is that the 
waveguide diameter must be kept less than \o/2 or the 
dipoles will be separated by too great a distance and 
the H plane will become too narrow. This means that 
the waveguide should be dielectric loaded to reduce the 
diameter. Feeds of this type have been built and the 
axial ratio of the polarization over the main beam re- 
mains less than one db until the first null is approached. 
However, because of the dielectric loading, their appli- 
cation lies in very low power work. 
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Fig. 8—Vswr as a function of frequency for a 0.350-inch 
diameter hole. 
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CONCLUSION 


1. A feed having equal E- and H-plane patterns 
over a 12-per cent band can be obtained by the proper 
combination of the dipole and a TE; source. 

2. The back radiation from this feed is as much as 
30 db down. 

3. Bandwidths of 22 per cent with a vswr under 1.5 
can be obtained for low-power-handling capacity feeds. 

4. Power-handling ability of 120 kw is possible at sea 
level. 

5. Circular paraboloid efficiencies approaching 65 per 
cent can be obtained. 

6. Cross-polarization lobes are minimized. 
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APPENDIX 


The proof that the front-to-back ratio, of a feed com- 
posed of complementary sources, is a maximum when 
the E- and H-plane patterns are made equal is shown 
below. Let Ez be the radiated field in the E plane and 
Ex be the radiated field in the H plane. A, and A: are 
the amplitudes of sources 1 and 2 and F(6) or F(@) rep- 
resents the field-pattern function. 

Then: for source number one, 


Ex™ (6) = AiFi(6) (1a) 
Ex ($) = Aif2(¢). (1b) 
For source number two, 
FE; (0) = AoF2(0)e (2a) 
En ®($) = AsFi(d)e*, (2b) 
where 
2rX 


No cos 6 — 
= v 


and X is the separation of the two sources. 6=0 is the 
front direction, and 9=7 is the back direction. w is the 
phase difference of the two sources. If the sources are 
complementary, Fi(0) = Fi(@) and F.(@) = F.(¢). 
The resultant H- and H-plane patterns are then 

Ex(0) = AiFi(0) + AsFA(0)e%4 (3) 
and 

En(0) = AiF.(0) + AoFi(6)e%, (4) 


with absolute values 
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| Ex()| = | AVF2(0) + 241A.Fi(0)F2(8) cos A 
+ AsF.7() |? (5) 
| Ex(0) | = | 41°F 22(0) + 2414 .Fi(6)F2(8) cos A 
+ Ao°F1(6) |, (6) 
It is evident that for 
| Ex(6)| = | Ex@) |, 
A,?F,7(@) ae A oF 27(@) = AF 2?(0) ae A,?F;7(9), 
or that 
ial (7) 
Y= “oe 
It is now necessary to show that the condition ex- 
pressed by (7) is also necessary for 
_ | Ex) |? 0 
~ | B20) Pee 
where P =front-to-back ratio. 


Remembering that 


F,(0) oa F;(0) 


= amaximum 


and Fi(r) = F.(z), 


then 
_ AvF2(0) + 24142F1(0)F2(0) cos Ao + 42°F 2%(0) 
APF 2m) + 241A Film) Fe(x) cos Ay + Ao*Fo%(x) 
xf) yl Fb 2y cos ae 
 F2(m) my et Vee cosy 


where P,= F?(0)/F (7) is the power front-to-back ra- 
tio of source number one. 

Differentiating P with respect . a y and setting equal 
LORZELO: 


(8) 


<= 0= 7] 2y 4) 2icos Ag 
oY vy? + 1+ 2, cos A, 
¥ (vy? + 1 + 2, cos Ay)(2, + 2 cos =] ‘5 
(v2 + 1+ 2, cos A,)? meee 


which simplifies to 


é cos A, — cos Ag 
ae = 1 
cos A, — cos Ao 


(10) 


Or 


since —1 has, by definition, no significance. 

This is condition (7) above. 

That a maximum front-to-back ratio occurs at y=1 
is easily seen by taking the second derivative 


oP : 2(v? — 1)(cos A, — cos Ao) 
oy (y? + 1+ 2, cos A,) 
au. cos A, — cos Ap 


ay? (1 + cos A,)? 


<0 _ ome ehh 
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since 
A= dédcosé@—y 
Ao =6-y 
A, = — (6+ yp) 
and 
cos A, — cos Ay = — 2 sinésiny 
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which is negative for 6 and y, both less than 7/(ie., 
spacing less than \/2 and phase difference less than 180 
degrees). This is reasonable for an antenna such as the 
one described. 

Hence, the same condition y = 1 applies both to equal- 
ity of the E- and H-plane patterns and to minimum 
back radiation. 


Paraboloid Reflector and Hyperboloid Lens Antennas* 
E. M. T. JONEST, AssoctratE, IRE 


Summary—A theoretical analysis of the radiating properties of 
the paraboloid reflector and the hyperboloid lens shows that low 
amplitude cross-polarized radiation and high gain factors can be ob- 
tained from a paraboloid reflector excited by a plane-wave source. 
Low amplitude, cross-polarized radiation can also be obtained from 
the hyperboloid lens with a plane-wave feed, but with a lower gain 
factor. Itis found that the measured properties of the antennas agree 
reasonably well with the theoretical predictions. Also it is found ex- 
perimentally that principal plane side lobes of the order of —40 db 
can be obtained with a short focal length hyperboloid lens. 


INTRODUCTION 


HIS PAPER describes an investigation of the ra- 

diation properties of two perfectly focusing de- 

vices: the paraboloid reflector and the hyperboloid 
dielectric lens, excited at their foci by a short electric 
dipole, a short magnetic dipole, and a plane-wave source. 
The purpose of this investigation is to examine the ra- 
diation characteristics of these antennas, which, at least 
in the limit of infinitesimal wavelengths, have no phase 
aberrations in the aperture field. The analysis is divided 
into two parts: (1) the aperture fields of the two anten- 
nas are first computed, and, (2) the far-zone diffraction 
patterns are then determined. The power gain of the 
systems is obtained as a by-product of the diffraction 
pattern computation. Some experimental results are 
also discussed. 


PARABOLOID REFLECTOR APERTURE DISTRIBUTIONS 


The aperture distributions of the reflector are com- 
puted in two steps. First, the current induced on the 
surface of the reflector by radiation from the feed is 
determined. Next, the electric fields in the aperture, 
arising from these currents, are computed. The assump- 
tions made in the derivation are: 


a. The reflector is in the far-zone of the feed, so that 
only fields varying as the reciprocal of the distance 
_ from the feed to the reflector are significant. 


* Original manuscript received by the PGAP, November 11, 1953; 
revised manuscript received April 12, 1954. : 
+ Stanford Research Institute, Stanford, Calif. 


b. The feed pattern is the same with the reflector in 
place as when it is absent. 

c. Energy traveling in the region between the reflec- 
tor aperture and the feed follows the straight line 
paths predicted by geometric optics, while the 
polarization of the aperture field is determined by 
the plane-wave boundary conditions at the reflec- 
tor surface, namely, that the total tangential elec- 
tric field in the incident and reflected waves must 


be zero. 


Fig. 1—Sketch of paraboloid reflector illustrating the notation 
used in the analysis. 


A sketch of the parabola showing the notation ap- 
pears in Fig. 1. The surface current K induced on the re- 
flector by the feed at the focus is 


ue = 2 Ee 
K = 2(" X H) = — fn X (fo X E) 
n 


2 ts Cale v 
= =| ani B) + Ecos |, (1) 
n 2 
where 

E=far-zone electric field of the feed 

H =far-zone magnetic field of the feed 

n=377 ohms 
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and the outward normal # to the reflector surface is 


WS ee 
i= — cos tsin® — ysingsin + 2 co (2) 


and the unit vector fo in the p direction is 


po = &€cosésiny + 7 sin ~ sin y — 2 cos y. (3) 

In general, the surface current induced on the parab- 
oloid will have components K,, K,, and K,. For high- 
gain reflectors having apertures many wavelengths in 
diameter, it is only the K, and K, components of cur- 
rent that contribute to the principal part of the diffrac- 
tion pattern centered about the z axis. Therefore, com- 
ponent K, will be neglected in the rest of the discussion. 


Short Electric-Dipole Feed 


For a short electric-dipole feed lying along x axis, 
of height dx, and excited with a current J flowing in —x 
direction, the far-zone components of electric field are 


= jnidxesike 


ap Ec y cos? — + sin? &) 


at sin a= y sg sin ad cos " fw 

The substitution of (2), (3), and (4) into (1) yields 

qidxe ike 
Xp 


1K = cos : Ec y + sin? (1 — cos yp) 


2 " sin 2&(1 — cos »|. (S) 


The projected electric field in the aperture is given as 


Making this substitution it is found that? 


ie jnI dace th S420) 
E, = —-———_—_ {i 
re (a[(1 + cos y) 
— (1 — cos y) cos 2é] — F sin 2£(1 — cos y)}. (6) 


It is seen that the aperture electric field has a unidi- 
rectional component along the x axis as well as a cross- 
polarized component parallel to the y axis. The cross- 
polarized component has the interesting symmetry 
property, in that it is oppositely directed in adjacent 
quadrants. 

Fig. 2 shows the distribution of electric field in the 
aperture of a paraboloid reflector with an electric-dipole 
feed, together with characteristics of the patterns aris- 


1S. Silver, “Microwave Antenna Theory and Design,” McGraw- 
Hill Book Co., New York, N. Y., p. 417; 1949. 

2 E. U. Condon, “Theory of Radiation from Paraboloid Reflec- 
tors,” Westinghouse Research Report SR-105; September, 1941. 
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ing from such a distribution. It is seen that the principal 
polarization patterns measured in the £ and H planes 
have the customary shape with their maxima on the 
polar axis. On the other hand, the cross-polarized lobes 
(which are often called Condon lobes) measured, in the 
planes at 45 degrees to the principal planes where the 
cross-polarization is a maximum, have minimum in- 
tensity on the polar axis and maximum intensity off 
axis. The position of maximum intensity corresponds 
approximately to the position of the first null in the prin- 
cipal polarization patterns. Because these cross-polar- 
ized lobes often have a magnitude considerably higher 
than the first side lobe of the principal polarization pat- 
terns, they can be troublesome in a radar application in 
which the target reflects energy polarized at right angles 
to that incident upon it. 


ye » fli ae 
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Fig. 2—Electric field in the paraboloid reflector aperture and resulting 
far-zone radiation patterns when the paraboloid is excited by a 
vertically oriented electric dipole. 


Short Magnetic-Dipole Feed 


For a short magnetic dipole lying along the y axis with 

a length dy and excited with a magnetic current M flow- 

ing in the +¥y direction, the far-zone components of 
electric field are 

i, gl dyentte 

roy See RS 


[% cosy + Z sin y cos €]. (7) 
2p 


Following the procedure outlined above, the projected 
field in the aperture is 


a} ’M dyer ik i+e20) 
g, = — iMayeie 
4\p 
+ (1 — cos p) cos 2¢] + §[sin 2&(1 — cosy) ]}. (8) 

Here again it is seen that the aperture electric field has 
a unidirectional component along the x axis but the 
cross-polarized component of electric field is oppositely 
directed. Fig. 3 shows a sketch of the aperture field. 
Plane-Wave Feed 


If the paraboloid could be excited by a combination of 
electric and magnetic dipoles, oriented at right angles to 
one another and having the proper values of electric and 


{#[(1 + cos y) 
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Fig. 3—Electric field in paraboloid reflector aperture when parab- 
oloid is excited by a short magnetic dipole lying along y axis. 


magnetic current, it is seen that the y directed com- 
ponent of the aperture field could be made to disappear. 
The proper value of the ratio of the magnetic to electric 
current is 7 which is the same as the ratio of the equiv- 
alent magnetic and electric current densities in a plane- 
wave source. The aperture field, E,, of a paraboloid ex- 
cited by a plane wave-source with electric field intensity 
E, and dimensions dx and dy small compared to a wave- 
length, is then seen to be from (6) and (8) 


_ E,dxdy (1 + cos yp) 
a] 


E,= — & eth (f+20) 
Xp 2 


(9) 


A sketch of this aperture field is shown in Fig. 4. 


x 


Fig. 4—Electric field in paraboloid reflector aperture when parab- 
oloid isexcited by a small plane-wave source polarized along « axis. 


HYPERBOLOID LENS APERTURE DISTRIBUTIONS 


Fig. 5 shows a sketch of the hyperboloid lens illus- 
trating the notation used in the analysis. The aperture 
field of the hyperboloid lens of refractive index n is de- 
termined, subject to the conditions outlined previously, 
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in a slightly different manner than the aperture field of 
the paraboloid reflector. First, the field incident on the 
lens from the feed is resolved into a component in the 
plane of incidence and one perpendicular to it. The 
amount of each of these components transmitted into 
the lens through surface 1 is then computed from the 
plane-wave boundary conditions at the dielectric-air in- 
terface, which are summarized in Fresnel’s equations. 
Finally, the amount of energy transmitted through sur- 
face 2 is computed. The assumption is made, in deriving 
this aperture field, that the multiple transits of energy 
in the lens between the two surfaces are unimportant. 
These transits can be neglected because they give rise 
to small amplitude and phase variations arranged in 
concentric rings in the aperture, superimposed on the 
constant phase amplitude distribution produced by the 
single transit. In any lens of reasonable size they pro- 
duce small amplitude diffraction patterns, split off at 
wide angles from the polar axis.34 


| SURFACE | 


SURFACE 2 


Fig. 5—Sketch of the hyperboloid lens illustrating the notation 
used in the analysis. 


Electric-Dipole Feed 


When the hyperboloid lens is excited by an electric di- 
pole lying along the x axis, of length dx, excited by a 
current J following in the —.x direction, the electric field 
incident on the curved surface of the lens is 
_ nldxe—tke 
SF or 

2p 


[P costcosy —Esiné] (10) 


where the Y component lies in the plane of incidence, 
and the — component lies perpendicular to the plane of 


incidence. The electric field transmission coefficient, Ty, 


for the field polarized in the plane of incidence is 
2 cos (YW + a) sina 


, (11) 
sin (Wy + 2a) cos y 


3 J. Brown, “Effect of amplitude variations in aperture fields on 
side lobes,” Jour. Inst. Elect. Eng., vol. 97, part III, pp. 419-424; 


ber, 1950. ; 
NON. re Korman, E. B. Herman, and I. R. Ford, “Analysis of 


microwave antenna side-lobes,” RCA Review, vol. 13, pp. 323-334; 
September, 1952. 
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while the electric field transmission coefficient for the 
T. component of field, polarized perpendicular to the 
plane of incidence is 


2 cos (W + a) sina 
Ti = : : . (12) 
sin (Wy + 2a) 
The transmitted electric field lying in the plane of inci- 
dence becomes 
nldx eefs E + a) sin a cos ‘|. (13) 
sin (W + a) 
while the transmitted field lying perpendicular to the 
plane of incidence becomes 
_nldxei*’ F cos (W + a) sina siné 
L=n-j | : . (14) 
Xp sin (p + a) 
After refraction at the curved surface of the lens, there 


will be no e, field. The e,- and €,-components of the field 
will be 


EF = 
j - 


ex = FE, cos — — Ex sin &, (15) 


and 


Ey sin & + E. cos &. 


ey 


These transverse components of field will all arrive in 
phase at the aperture after traveling their respective 
distances through the lens. The value of electric field 
just outside the dielectric will be 


| n cos (+a) sin “] (16) 
Xp (n+1) sin(@y+2e) | 


Thus the hyperboloid lens excited by an electric di- 
pole has no cross-polarized components of aperture field. 


E,= 


Sr 


Magnetic-Dipole Feed 


When the hyperboloid lens is excited by a magnetic 
dipole lying along the y axis with a length dy and ex- 
cited by a magnetic current M flowing in the +y direc- 
tion, the field incident on the curved surface of lens be- 
comes 


JM dye—ike 
2p 


ke [p cos £ — Esin E cos yp]. (17) 


Tracing the field through the lens as before, now the 
aperture field has both a principal and_ transverse 
polarization component. The aperture field is 


rn jMdyei* +n) nn cos (W +a) sina 
Xp nm+1 sin () + 2a) cos y 
-[#(1 + cos? y + sin? y cos 2£) + (sin 2¢ sin? y) |. (18) 
Plane-Wave Feed 


The aperture field of the lens, when it is excited by a 
plane-wave source with electric field intensity E,, can be 
obtained in the manner outlined previously. The aper- 
ture field is 
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= _£E,dxdy n cos (WY + a) sina 
ae Xp (n + 1) sin (W + 2a) cos p 
. {#[(4 + cosy)? + sin?y cos 2¢| + ysin?y sin 2¢}, (19) 


and it is seen that here too, there is both a principal and 
cross-polarized component of aperture field. 


eth Srnto) 


FAR-ZONE DIFFRACTION PATTERNS 


The integral expressions for the far-zone field com- 
ponents, E, and Ey of the foregoing aperture distribu- 
tions, that have the ratio of tangential E to tangential 
H equal to the impedance of free space, can be set up in 
the standard fashion. For narrow radiated beams it is 
permissible to approximate the spherical co-ordinate 
far-zone fields by rectangular components FE, and Ey. 
The expressions for these components are 


e ihk ny 
AR A 


Paraboloid Reflector with Electric-Dipole Feed 


If the following substitutions are made in (6) 


r D 
“= Hf Y= yy 
a jn I dei * i+20) 
2n 
Palate Bi 6B = 2kf sin ¢, 
1+ cosy 


the far-zone fields E of the paraboloid excited by an elec- 
tric dipole become 
u? COS =) 


La z atl. ib 1! & es 


u? sin 2 s mere 
+4 (Geer) ei ududé. 


Integration with respect to the angular variable € can be 
carried out since 


Qe . (cos né nk! 
f Bu cos (E-£") \ st dé = 2n(j)” De os J (Bu). 
3 sin né sin 


Performing this integration (21) becomes 


7a Rene Sn/F Le {3 — ee cos °.) 


(21) 


(1+ a2)? (1-+u?)2 
_ WJ (Bu) sin 2’ 
ae du. (22) - 


This integral cannot be evaluated exactly because of the 
presence of the term 1/(1-+-w?)*. However, if this term 
is approximated by a polynomial as 


1 
(1 + w?)? 


these integrals can be evaluated in terms of tabulated 


= Cyr Gath, “rete: ik paar em, (23) 
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TABLE I 
COMPUTED PATTERN CHARACTERISTICS AND GAIN FACTOR OF PARABOLOIDS ExcITED BY A SHORT ELECTRIC DIPOLE 
H-Plane E-Plane Position . 
D- Half-Power | Half-Power | of Cross- BEANS Hao A085 
Wave f/D Pes Resin: Polariga _ First First Polarized Gain 
Lengths Width Width on Side-Lobe Side-Lobe Lobe Max. Factor 
(degrees) (degrees) Nigeiectm Level (db) Level (db) Level (db) 
Sie 0525 6 Dee 1.8 —16.5 —36.5 —15.8 0.41 
37.2 0.30 1.6 2.0 1.8 —16.5 —32 —18.1 0.37 
Side 0.40 BA 1.75 1.8 —17.2 —24.7 —22.2 0.32 
3.2 0.46 126 iL SHS 1.8 —17.2 —22.9 —24.3 0.28 
Sez 0.60 1.6 ib AIS 1.8 —17.4 —20 —28 0.19 


functions, since repeated integration by parts puts each 
term in the form 


(i art (xox = 


The coefficients a2, of (23) are chosen here so that the 
polynomial is the least square approximation to the de- 
sired function.® It has been found that retaining only the 
first three coefficients that have values of 0.9823, 
— 1.468, and 0.7445 respectively, the difference between 
the desired and approximating function is less than .02. 

Performing the above manipulations, it is found that 
the far-zone field is 


ered ys 1( a), 


(23a) 


—, —kR 7 3 
es = Saf {5 c + aey* + asy®) oe 
4 J (By) J3(By) 
sera ca Be | 
Fibg 
+ £ cos 2! | (ona + a28?78 + 44871") Isl6y) 
(By)* 
Ja(67) Js(By) 
— 26? 84 Jayyi0 + Bagstyi | 
he mii (By)* "(By 
J 
+ 38? sin 28’ | Cao + ayy + agy?) daGig 
(By)? 
eae oo? (By)* Ze (By)? } ey 


Neglecting direct radiation from the feed, the maximum 
power gain of the paraboloid excited by an electric di- 
pole can be computed as follows from the definition of 
power gain. 

Power radiated per unit solid angle by the aperture 


2 lees Total power radiated by the feed 


2 3 5 2 
EN Emr 
WA 4 2 4 12 


The term in braces, { 2 in (25) is often called the 
gain factor. It has a maximum value of unity for a uni- 
formly illuminated aperture which has constant phase, 


(25) 


5 W.E. Milne, “Numerical Calculus,” Princeton University Press, 
Princeton, N. J., chap. IX, 1949. 


and lesser values for all other amplitude distributions 
which have constant phase. 

Diffraction patterns have been computed from (24) 
for a series of paraboloids with a 37.2 wavelength aper- 
ture diameter and various focal lengths. The gain factor 
for these reflectors has been computed from (25). A 
typical pattern is shown in Fig. 6 for one of these pa- 
raboloids which has an f/D ratio of 0.25. Pertinent data 
about this pattern and the other computed patterns are 
summarized in Table I above. 


| 
PRINCIPAL POLARIZATION 1.0 0=37.2 X 
——-—-— CROSS POLARIZATION 7, t 20.25 


GAIN FACTOR =0.41 


E- PLANE 


RELATIVE FIELD 


45° PLANE 


ee 


DEGREES OFF AXIS 


Fig. 6—Paraboloid diffraction patterns with electric dipole feed. 


It is seen from Fig. 6, that when the feed lies in the 
aperture plane, the principal polarization pattern is 
wider in the #-plane than the H-plane and the side-lobe 
level is higher in the H-plane than the E-plane. This be- 
havior is consistent with the fact that the aperture dis- 
tribution is much more strongly tapered in the E-plane 
than the H-plane. The cross-polarized lobes measured in 
planes at 45 degrees to the principal planes, where they 
attain their maximum value, lie quite close to the polar 
axis and are higher than the first side lobes in either of 
the principal planes. The gain factor for this antenna, 
however, is only 0.41. Table I shows that paraboloids of 
the same aperture diameter but with longer focal lengths 
have similar H-plane patterns, but have E-plane pat- 
terns with narrower beam-widths and higher side-lobe 
levels. The cross-polarized lobes and gain factor, how- 
ever, both decrease as the focal length increases. 
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Paraboloid Reflector with Magnetic-Dipole Feed 


The results for the paraboloid excited by a short elec- 
tric dipole oriented along the x axis apply, with minor 
modifications, to a paraboloid excited by a short mag- 
netic dipole lying along the y axis. Therefore, a detailed 
discussion will not be given here. However, the principal 
characteristics of a paraboloid excited by a magnetic 
dipole lying along the y axis are summarized below. 


(1) The E-plane diffraction patterns of the paraboloid 
with magnetic-dipole feed correspond to the H- 
plane diffraction patterns of the paraboloid with 
electric-dipole feed. 

(2) The H-plane diffraction patterns of the paraboloid 
with the magnetic-dipole feed correspond to the 
E-plane diffraction patterns of the paraboloid 
with electric-dipole feed. 

(3) The cross-polarized patterns in both cases are the 
negative of one another. 

(4) The gain of the two systems is the same. 


Paraboloid Reflector with Plane-Wave Feed 


When a paraboloid reflector is fed by a plane-wave 
feed with no variation of field intensity in the H-plane 
dimension B, and a half-sinusoidal variation in field in- 
tensity across the H-plane dimension A, the aperture 
field of the paraboloid becomes 


_, eA BI + cos p)? 
4 2arf 


Po / tb ae 7A 
sin (— sin y cos :) cos (— sin y sin :) 
nN r 
TB 2A 2 
1i— (=- sin y sin :) 


5 sin y cos & 

If the dimension A, of the plane-wave feed is chosen 
to be about 1.42 B, the principal lobe of the E- and H- 
plane patterns of the feed are almost identical and the 
patterns in other planes are very similar. Using this 
approximation then, the paraboloid aperture field be- 
comes 


e—ik(i+p0) 


. (26) 


~ _ Ez1.42B°(1 + cos y)? 


fe=— & e—ik(f+p0) 


2rrf 
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Proceeding as in the case of the electric-dipole feed, it 
is easy to show that the far-zone field of the reflector 
with a plane-wave feed is 


J1(8d) 
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where d=D/2 and the coefficients bo, b2, and b, are the 
coefficients of the polynomial which approximates the 
aperture distribution normalized to a maximum value 
of unity. 

It is noticed that the far-zone field has no cross-polar- 
ized radiation fields. 

Similarly, the power gain of the reflector excited by 
the plane-wave source becomes 

2 
aut | \ (29) 
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where, as before, the factor in the braces, { Me is the 
gain factor. 

The diffraction pattern of a paraboloid with a 37.2 
wavelength diameter aperture, and f/D ratio of 0.46, 
and an edge illumination of —12 db is shown in Fig. 7. 
The shape of this principal polarization pattern is ro- 
tationally symmetric about the polar axis because of the 


rotationally symmetric properties assumed for the feed 
pattern. 
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Fig. 7—Paraboloid diffraction pattern with plane-wave feed. 


Diffraction patterns and gain factor of this paraboloid 
for various edge illuminations have been computed and 
are tabulated in Table II below. 

TABLE II 


PATTERN CHARACTERISTICS AND GAIN FACTOR OF A PARABOLOID 
EXCITED BY A PLANE-WAVE SOURCE 


Aperture Diameter =37.2 Wavelengths, f/D =0.46 


Edge Half-Power First Side- 
Illumination Beam-Width Lobe Level Gain Factor 
(degrees) (db) 
— 8 1.74 —23.7 0.53 
—10 1.80 —26 0.66 
—12 ey —29.1 0.69 
—16 1.96 —37.1 0.67 
—20 2.06 —46 0.61 
—30 2.36 = 3009) 0.51 


As the edge illumination decreases from —8 db, the 
width of the main beam increases as is expected. On the 
other hand, the first side-lobe level initially decreases, 
reaching a minimum for an edge illumination of about 
— 20 db, and then increases. The gain factor is low for 
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high edge illumination, where the aperture efficiency is 
high, but the spill-over loss is large. A maximum of gain 
is reached at an edge illumination of about —12 db. For 
still lower edge illuminations, the gain decreases be- 
cause the aperture efficiency decreases. 


Hyperboloid Lens with Plane-Wave Feed 


The aperture field of a hyperboloid lens just outside 
the dielectric, fed by a plane-wave feed that has no 
variation of field intensity in the E-plane dimension B, 
and a half sinusoidal variation in field intensity across 
the H-plane dimension A, subject to the previous ap- 
proximations, is 
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Ea=j ————— 
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Eq. (29) can be written in terms of the approximating 
polynomials in r, the aperture radius, as 
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Proceeding as before, the far-zone field becomes 
E,5.68B%-ikU+ntotk) pd. 
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It is found that in order to have the polynomials f(r) 
and g(r) approximate this aperture distribution closely, 
they must contain terms in 7 as 


Co + cur + cor? + cor’. 


Eq. (32) can be evaluated in terms of tabulated func- 
tions, since integration by parts puts each term either in 
the form of (23a) or® 


je 
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where S,,(ax) is a Struve function. 


6 N. W. McLachlan and A. L. Meyers, “Integrals involving Bessel 
and Struve functions,” Phil. Mag., vol. 21, p. 437; February, 1936. 
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The power gain of the hyperboloid lens is computed 
in similar fashion to the computation of power gain of 
the paraboloid with plane-wave feed, in terms of the co- 
efficients of the polynomial f(r). The expressions for the 
diffraction field and power gain will not be written down 
since they are rather lengthy. However, some data ob- 
tained from these expressions will be presented. Fig. 8 
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Fig. 8—Hyperboloid lens diffraction patterns with plane-wave feed. 


shows the diffraction pattern of a hyperboloid lens, with 
a 35.5 wavelength diameter aperture, an f/D ratio of 
0.41, and a refractive index of 1.57 excited by a plane- 
wave source to give a —15 db edge illumination at the 
curved surface of the lens. It is noticed that, although 
the illumination of the curved surface of the lens is sym- 
metric about the polar axis, the H-plane pattern here is 
narrower than the H-plane pattern. The reason for this 
is because illumination in this plane is less tapered, since 
the transmission coefficient for the lens is greater in the 
E plane. The computed gain factor of the lens is a maxi- 
mum for this edge illumination, at a value of 0.42, which 
is almost 2.2 db less than the 0.69 gain factor obtainable 
with the paraboloid of about the same f/D ratio. This 
decreased gain is due to the approximately 0.21 db re- 
flection loss at each lens surface, coupled with the poor 
aperture efficiency and high spill-over loss of the lens. 
Table III, on the following page, summarizes the im- 
portant pattern characteristics of the above lens and 
another lens, of refractive index 1.57 for various edge 
illuminations. This table shows that, for each of the 
lenses, the beam-widths in the principal planes are nar- 
row for high-edge illumination, and wide for low-edge il- 
lumination. The gain factor, on the other hand, reaches 
a maximum for some intermediate illumination which 
represents the best compromise between high aperture 
efficiency and low spill-over loss. For each lens, the max- 
imum level of the cross-polarized lobes decreases as the 
edge illumination is decreased, since the average ampli- 
tude of the cross-polarized aperture fields is less for low- 
edge illumination. The longer focal-length lens has lower 
cross-polarized lobes for a given edge illumination since 
it subtends a smaller angle at the feed point. The angular 
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TABLE III 
Computep PATTERN CHARACTERISTICS AND GAIN Factor oF Two HyPERBOLOID LENSES EXxcITED BY PLANE-WAVE SOURCES 
E-Plane H-Plane Max. Level E-Plane H-Plane 
D- Edge Half-Power | Half-Power of Cross- _ First _ First Gate 
Wave f/D Illumination Beam Beam Polarization Side-Lobe Side-Lobe Bachar 
Lengths Width Width Lobe Level Level 
(degrees) (degrees) (db) (db) (db) 
Boo 0.43 —10 2.0 Doth —31.4 —30.5 —28.4 0.35 
39) 5 0.43 —15 Dee Mss) —32.0 —40 —46 0.42 
35.5 0.43 —20 Da: Die —32.8 —38 — 34 0.38 
35.5 0.43 —24 2.6 BH —34 —40 —30.5 0.31 
Soo OL et —10 UY) 2.0 —38.7 —32.8 —40 On53 
Si) 00) (i —15 2.0 Dae —39.2 —40 —45 0.53 
Soho) 0.77 —20 BD) 24 —40 —31.4 —40 0.47 


position of the maximum of all the cross-polarized lobes 
for these lenses is about 2 degrees from the polar axis. 
There seems to be no systematic variation in the ampli- 
tude of the first side lobes in the principal plane patterns 
as edge illumination is varied, as there is in the case of 
the paraboloid reflector. 


EXPERIMENTAL RESULTS 


Experimental radiation patterns and power gain 
measurements have been made at an operating fre- 
quency of 35,000 mc for a paraboloid reflector fed with 
a small rectangular horn, and for two hyperboloid die- 
lectric lenses fed by small rectangular horns. The dimen- 
sions of the reflector and lenses used in these experi- 
ments correspond to those used in the above theoretical 
computations. The paraboloid reflector used is a search- 
light reflector with a contour accuracy of better than a 
hundredth of a wavelength. The rectangular feed horn 
is connected to the signal source behind the reflector by 
means of a waveguide bent in the H plane through a 
total angle of 180 degrees in two 90 degree steps. Thus, 
there is a small amount of aperture blocking caused by 
this waveguide, which is not taken into account in the 
theory. The hyperboloid lenses are machined from poly- 
styrene; their contour accuracy also being on the order 
of a hundredth of a wavelength. 

An experimental radiation pattern of the paraboloid 
reflector excited by a pyramidal-horn feed, which gives 
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Fig. 9—Measured radiation patterns of a paraboloid reflector 
with a horn feed. 


an edge illumination of —20 db in the £ plane and 
—21.5 db in the H plane, is shown in Fig. 9. Here it is 
noticed the cross-polarized lobes are —25 db. It has 
been found that the level of these lobes decreases mon- 
otonically as the H-plane dimension of the horn is in- 
creased. Because the wave impedance of the mode in the 
horn approaches 377 ohms (the impedance of free space) 
as this dimension is increased, this behavior tends to 
confirm the theory that a paraboloid excited by a plane- 
wave source with a wave impedance of 377 ohms would 
have no cross-polarized lobes at all. The level of the first 
side lobe in the E plane is.—28 db, while that in the 7 
plane is —33 db. The H-plane pattern has a half-power 
beam-width of 2.1 degrees; while the E-plane pattern 
has a half-power beam-width of 2.0 degrees because the 
aperture illumination is more strongly tapered in this 
plane. Reference to Table II shows that the experi- 
mental half-power beam-widths agree closely with the 
theoretical values, while the side lobe levels in the two 
cases are quite different. 

Experimental radiation patterns of a hyperboloid 
lens, with an f/D ratio of 0.42, excited by a horn feed 
that gives an edge illumination of —24 db in the E and 
H planes, are shown in Fig. 10. It is noticed that the 
main beam is relatively quite broad, but the side lobes 
are very low, the highest one being —41 db. The cross- 
polarized lobes are —29 db, and lie close to the polar 
axis (compared to the width of the main beam). The 
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Fig. 10—Measured radiation patterns of hyperboloid lens with 
a horn feed. 
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TABLE IV 
MEASURED PATTERN CHARACTERISTICS OF Two HyPERBOLOID LENSES EXCITED BY PYRAMIDAL Horn FEEDS 
D- Principal E-Plane H-Plane Max. Level E-Plane H-Plane 
fave f/D Plane Av. Half-Power Half-Power of Cross- First First Gain 
Lengths Illumination | Beam-Width | Beam-Width| Polarization Side-Lobe Side-Lobe Factor 
(db) (degrees) (degrees) (db) Level (db) Level (db) 
35.55 ‘0.42 —24 24: 25) —29 —41 —42 0.26 +0.013 
Sino) 0.77 —10 1.90 1.95 —28.5 —24.5 —27 0.42 +0.021 
Sone ORE. —15 2.0 2.05 —31 — 30 —30 0.41 +0.021 
Sk One —20 2205 Pk —35 —31.5 —31 0.390 +0.020 


measured gain factor of this lens is 0.26 which is low 
but consistent with the broad main beam. It is ex- 
pected that the measured gain of the lenses should be 
about 8 per cent lower than the theoretical because the 
measured aperture efficiency of the experimental feed 
horns are only 75 per cent while the aperture efficiency 
of the plane-wave feeds used in the theoretical compu- 
tation is 81 per cent. Allowing for this difference though, 
the experimental gain is still about 10 per cent less than 
theoretical. The additional discrepancy is probably ac- 
countable to absorption loss in the lens, and experi- 
mental error. 

In Table IV, above, are summarized the results of 
measurements on the two hyperbolic lenses for various 
edge illuminations. 

Comparison of the experimental measurements 
shown in Table IV with the theoretical results of Table 
III, for the lens with {/D =0.77, shows that the theory 
predicts the correct trend of the experimental results. 
The beamwidth of the experimental patterns is always 
narrower in the E plane than the H plane, and the 
principal plane beamwidths increase with decreasing 
edge illumination. However, the experimental beam- 


widths seem always to be narrower than theoretical. 
The measured gain factor is consistently about 20 per 
cent less than theoretical. The variation in amplitude of 
the measured cross-polarization lobes varies in the pre- 
dicted fashion with edge illumination; however, the lobe 
values are always higher than theoretical. The meas- 
ured side-lobe level in the principal planes, however, 
always decreases with decreasing-edge illumination. 


CONCLUSION 


It has been shown that low cross-polarized radiation 
lobes can be obtained from paraboloid reflectors when 
they are excited by small horns which approximate 
plane-wave sources. Low principal-polarization side 
lobes and low cross-polarized lobes can be obtained with 
a hyperboloid lens excited by a small horn, but the 
main beam is wide and the aperture efficiency is less 
than for paraboloids. 
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